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ABSTRACT 
The aim of the work presented in this study was to demonstrate the wide applicability of a 
single-label quenching resonance energy transfer (QRET) assay based on time-resolved 
lanthanide luminescence. QRET technology is proximity dependent method utilizing weak 
and unspecific interaction between soluble quencher molecule and lanthanide chelate. The 
interaction between quencher and chelate is lost when the ligand binds to its target 
molecule. The properties of QRET technology are especially useful in high throughput 
screening (HTS) assays. 
At the beginning of this study, only end-point type QRET technology was available. To 
enable efficient study of enzymatic reactions, the QRET technology was further developed 
to enable measurement of reaction kinetics. This was performed using protein-
deoxyribonucleic acid (DNA) interaction as a first tool to monitor reaction kinetics. Later, 
the QRET was used to study nucleotide exchange reaction kinetics and mutation induced 
effects to the small GTPase activity. Small GTPases act as a molecular switch shifting 
between active GTP bound and inactive GDP bound conformation. 
The possibility of monitoring reaction kinetics using the QRET technology was evaluated 
using two homogeneous assays: a direct growth factor detection assay and a nucleotide 
exchange monitoring assay with small GTPases. To complete the list, a heterogeneous 
assay for monitoring GTP hydrolysis using small GTPases, was developed. All these small 
GTPase assays could be performed using nanomolar protein concentrations without 
GTPase pretreatment. The results from these studies demonstrated that QRET technology 
can be used to monitor reaction kinetics and further enable the possibility to use the same 
method for screening. 
Keywords: guanosine triphosphatase (GTPase), high throughput screening (HTS), kinetic 
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TIIVISTELMÄ 
Tämän tutkimuksen tavoitteena oli osoittaa sammutus-resonanssi-energiansiirtoon (QRET) 
pohjautuvan teknologian toimivuus aika-eroitteisissa lantanidien luminesenssiin 
perustuvissa määrityksissä. Molekyylien etäisyysriippuvuuteen perustuvassa QRET 
teknologiassa, reportterimolekyylin sitoutuminen kohdemolekyyliin voidaan havaita 
luminesenssi-signaalin muutoksena. Sammuttajamolekyylin ja lantanidikelaatin sisältävän 
reportterimolekyylin välinen heikko vuorovaikutus katkeaa kun reportterimolekyyli 
sitoutuu kohdemolekyyliinsä. QRET teknologian ominaisuudet ovat erityisen 
käyttökelposia tehoseulonta (HTS) menetelmissä. 
QRET teknologian soveltuvuus määrityskäyttöön on osoitettu jo ennen tämän tutkimuksen 
aloittamista, mutta määritykset ovat perustuneet reaktion lopputuloksen mittaamiseen. 
Jotta pieniä entsyymireaktioita voitaisiin tutkia tehokkaasti, on reaktion kinetiikkaa voitava 
mitata. Ensimmäinen määritys, jossa kinetiikan määritys oli mahdollista, suoritettiin 
tutkimalla DNA:n ja proteiinin välistä vuorovaikutusta. Myöhemmin tätä kykyä 
ominaisuutta käytettiin guanosiinitrifosfataasien (GTPaasi) tutkimiseen, selvittämällä eri 
GTPaasien nukleotidin vaihdon tehokkuutta ja eri pistemutaatioiden vaikutusta GTPaasin 
toimintaan. GTPaasit ovat kytkinmolekyylejä, jotka ovat aktiivisia GTP:hen ja passiivisia 
GDP:hen sitoutuneena.  
QRET teknologian soveltuvuutta reaktiokinetiikan mittaamiseen arvioitiin kahdessa 
erotusvapaassa määrityksessä: suora kasvutekijämääritys ja GTPaasien nukleotidin 
vaihdon kinetiikan määritys. GTPaasien tutkimusta täydennettiin vielä erotteluun 
perustuvalla GTP:n hydrolysoitumismäärityksellä. Aikaerotteiseen luminesenssiin 
perustuvat määritykset voitiin toteuttaa esikäsittelemättömillä GTPaaseilla. Tämän 
GTPaaseilla suoritetun tutkimuksen perusteella, QRET teknologia soveltuu sekä 
reaktiokinetiikan määrittämiseen että tehoseulontaan. 
Avainsanat: aikaerotteinen luminesenssi, guanosiinitrifosfataasi (GTPaasi), kinetiikka 
määritys, sammutusenergiansiirto (QRET), tehoseulonta  
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Arf ADP ribosylation factor (GTPase) 
Arl Arf-like (GTPase) 
Arp Arf-related (GTPase) 
ATP adenosine-5'-triphosphate 
bFGF basic fibroblast growth factor 
CFP cyan fluorescent protein 
CTP cytidine-5'-triphosphate 
DH Dbl homology 
DHR Dock homology region domain 
DNA deoxyribonucleic acid 
EC50 half maximal effective concentration 
EDTA ethylenediaminetetraacetic acid 
EFI europium luminescence intensifier 
Fab fragment antigen-binding 
FBA bFGF binding aptamer 
FLAIR fluorescence activation indicator for Rho protein 
FP fluorescence polarization 
FRET Förster resonance energy transfer 
FTI farnesyltransferase inhibitor 
GAP  GTPase-activating protein 
GDF GDI-displacement factors 
GDI GDP dissociation inhibitors 
GDP guanine-5'-diphosphate 
GEF guanine nucleotide exchange factor 
GF growth factor 
GFP green fluorescent protein 
GMP guanine-5'-monophosphate 
GPCR G-protein-coupled receptor 
GSH glutathione 
GST glutathione S-transferase 
GTP guanosine-5'-triphosphate 
GTPase guanosine-tri-phosphatase 
HPCE high-performance capillary electrophoresis 
HPLC high-performance liquid chromatography 
HTS high throughput screening 
Hvr hypervariable region 
IDCC N-[2-(iodoacetamido)ethyl]-7-diethylaminocoumarin-3-carboxamide 
kDa kilodalton 
Ln3+ lanthanide (rare earth element group) 
LOD limit-of-detection 
Mant methylanthraniloyl (luminescent label) 
Mant-GppNH  p2'(3')-O-(N-methylanthraniloyl)-guanosine 5'-[β,γ-imido]triphosphate 





MG malachite green 
NDPK nucleoside diphosphate kinase 
NF1 neurofibromatosis type 1 
Nflx norfloxacin 
nFRET nonoverlapping FRET 
NMR nucleic magnetic resonance 
ParM bacterial actin homologue 
PBD p21-binding domain 
PBP phosphate binding protein 
PCA protein-fragment complementation 
PH pleckstrin homology 
Pi inorganic phosphate 
PPI protein-protein interaction 
QRET quenching resonance energy transfer 
Rab Ras-related proteins in brain (GTPase) 
Raichu Ras and interacting protein chimeric unit 
Ral Ras-like (GTPase) 
Ran Ras-like nuclear protein (GTPase) 
RanBP Ran-binding protein 
Rap Ras-proximal (GTPase) 
Ras rat sarcoma virus gene (GTPase) 
RBD Ras binding domain 
RCC1 regulator of chromosomecondensation 
REM Ras exchange motif 
RFP red fluorescent protein 
Rho Ras homologous (GTPase) 
SA streptavidin 
S/B signal-to-background 
ScFv single-chain variable fragment 
Sar secretion-associated and Ras-related (GTPase) 
split-FP split-fluorescent protein 
sNBD succinimidyl 6-[(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoate 
SOS son of sevenless 
Tamra tetramethylrhodamine (luminescent label) 
TEAA triethylammonium acetate 
TIRF total internal reflection fluorescence 
TNP trinitrocyclohexadienylidene (luminescent label) 
TLC thin layer chromatography 
TR-FTIR time-resolved Fourier transform infrared 
TRL time-resolved luminescence 
VBA VEGF binding aptamer 
VEGF vascular endothelial growth factor 
YFP yellow fluorescent protein 
2'/3'-AHC-GTP 2'-/3'-O-(6-aminohexylcarbamoyl)guanosine-5'-O-triphosphate 
8-AHT-GTP 8-(6-aminohexylthio)guanosine-5'-O-triphosphate 
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The complexity of biological systems and the processes involved in medical diagnostics, 
food safety assurance and environmental monitoring have for long challenged researchers 
in these fields. Biochemical assays have been developed with the aim to provide answers 
in such dilemmas. Traditionally, these methods are classified as heterogeneous and 
homogeneous assays, based on whether there are separation steps or not (Davies, 2005). 
The method chosen to resolve the problem in hand is selected based on the need. 
Homogeneous methods are fast and could provide real-time data. These assays are also 
easy to automate and more cost-effective compared to heterogeneous assays. 
Homogeneous assay is the method of choice when a fast and simple method is needed, like 
in point-of-care or high throughput screening (HTS). On the other hand, heterogeneous 
assays provide more sensitive approaches, because of the additional separation step. 
However, the inclusion of this additional step requires extra equipment and effort, and the 
real-time monitoring capability is lost.  
Small guanosine-tri-phosphatases (GTPases) are a large group of hydrolase enzymes that 
are divided into several families based on their sequence homology. These cytosolic 
proteins regulate several important cellular functions; cell growth, differentiation, and 
movement. Due to their central role, GTPases have inherent oncogenic signaling 
properties, making them potential as anti-cancer drug targets. GTPases are normally in 
guanine-5'-diphosphate (GDP) bound inactive conformation, but after stimulus, guanine-5'-
triphosphate (GTP) is bound and GTPase is activated. These processes are controlled by 
guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). 
GTPases are crucial part of many kinase cascades, and understanding the functions and the 
structural aspects of the GTPases is crucial in finding novel drug molecules to control this 
complex protein-protein interaction (PPI) network. 
The enzymatic nature of the GTPases sets a special requirement for the development of an 
efficient assay method, i.e. the method should be sufficiently sensitive and provide kinetic 
data with low amounts of proteins. To fulfill this, a homogeneous separation free assay 
technique is the method of choice. Recently, a large variety of homogeneous luminescence 
based methods, which try to meet these requirements, have been developed. With 
luminescence, real-time observation of binding event becomes possible. However, in many 
of the currently known methods, the reporter group may alter the biochemical properties of 
the GTPase reaction. Thus the trends in method development have proceeded towards 
label-free techniques. These methods, however suffer from large protein consumption and 
low or medium throughput. 
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2 REVIEW OF THE LITERATURE 
Small GTPases, hereinafter called just GTPases, work as intracellular molecular switches 
and are involved in regulating key cellular processes (Vetter and Wittinghofer, 2001). 
Mutations in GTPases are frequently found in human cancers and in several developmental 
disorders, demonstrating their significance as signaling molecules (Fernandez-Medarde 
and Santos, 2011; Prior et al., 2012). For many years, heterogeneous radiolabel techniques 
were the method of choice for GTPase nucleotide exchange research, but the trend has 
been towards homogeneous methods using luminescent GTP analogs or label-free 
techniques (Hemsath and Ahmadian, 2005). The review begins by introducing the human 
GTPases, their most important regulator molecules, GEFs, GAPs, and GDP dissociation 
inhibitors (GDIs), and their relevance in human diseases. Subsequently, the different 
bioanalytical assay methods used to study GTPases are described. The main focus is on in 
vitro assays, but the most important in vivo methods will also be introduced.  
2.1 Human GTPases and GTPase controlling molecules 
The GTPase superfamily comprises more than 150 members in the human genome and is 
divided into five subfamilies (Ras, Rho, Arf, Rab, and Ran) based on their sequence and 
functional similarities (Vetter and Wittinghofer, 2001; Wennerberg et al., 2005). Ras is the 
founding member of a family containing a multitude of 21-25 kilodalton (kDa) peripheral 
membrane GTPases that control signal transduction cascades. GTPases work as 
intracellular molecular switches and are involved in regulating key cellular processes 
including cell division, signal transduction, motility, vesicle transport, senescence, and 
apoptosis (Vetter and Wittinghofer, 2001; Colicelli, 2004; Wennerberg et al., 2005). In this 
section, GTPases and GTPase regulators are described. Furthermore, known associations 
between GTPases and diseases are described. 
2.1.1 Human GTPase superfamily  
All GTPases are formed by a single polypeptide chain, and act as "molecular switches" 
that are active in the GTP- and inactive in the GDP-state (Figure 1). GTPases are 
composed of six β-sheet surrounded by five α-helices. This conserved domain includes 
motifs that recognize guanine base, β-phosphate, and Mg2+ (Vetter and Wittinghofer, 
2001). These conserved motifs are a part of p-loop and switch I-II, which are involved in 
nucleotide exchange and hydrolysis. However, the actual molecular switch includes 
GTPase, GEF, and GAP proteins together. GTPases are classified into five families, but 
the boundaries between families are not strict and not all proteins can be assigned to any of 
these families. Also there are a large number of structurally and functionally diverse 
proteins that possess GTPase like function but fall outside the GTPase superfamily. 




Figure 1. The GTPase activation/de-activation cycle. GTPases are intracellular molecular switches 
cycling between inactive (GDP-bound) and active (GTP-bound) state. The GTPase activation is 
controlled by guanine nucleotide exchange factors (GEF), which catalyze the GDP dissociation 
enabling GTP association. Active GTP-GTPase can activate downstream effectors. The GTPase 
activating protein (GAP), catalyze the GTP γ-phosphate hydrolysis, cycling the GTPase back to 
inactive GDP bound state. 
RasGTPases 
The first GTPase superfamily member found was rat sarcoma virus gene (Ras) (Der et al., 
1982). Today, there are more than 30 known members in the Ras family (Reuther and Der, 
2000; Csépányi-Kömi et al., 2012). The Ras subfamily is divided in three major groups; 1. 
Ras (e.g. gene expression control, cell growth, cell differentiation, and cell survival), 2. Ral 
(e.g. vesicle trafficking, cell polarization, and apoptosis), 3. Rap (adhesion-related 
functions e.g. integrin augmentation). Minor groups include, e.g. Rheb, R-Ras, M-Ras, 
Rin, and Rit (Reuther and Der, 2000; Csépányi-Kömi et al., 2012). 
The most notable members in Ras subfamily are H-Ras, N-Ras, and K-Ras (A and B), 
which share up to 85% of sequence homology (Reuter and Der, 2000). Rap (Ras-proximal) 
proteins are involved in integrin-mediated cell adhesion and spreading (Collicelli, 2004). 
Ral (Ras-like) proteins have role in cell proliferation and polarization (Feig, 2003). Ras 
proteins are attached to the membrane through CAAX-motif signaling sequences in the 
carboxyl terminus. This motif enables Ras farnesylation and also N-Ras and K-Ras 
geranylgeranylation. Another Ras modification is palmitate fatty acid, attached to other 
Ras proteins except in K-Ras4B which possesses lysine-rich polybasic sequence (Reuter 
and Der, 2000). These Ras modifications determine the Ras location and transport to the 
plasma membrane. Ras proteins mediate their effects mainly through a complex kinase 
cascades and the knowledge of the related molecules and their links to diseases are 
constantly increasing (Takai et al., 2001; McCubrey et al., 2006; Siegfried et al., 2013). A 
simplified representation of the Ras downstream signaling network is depicted in Figure 2. 




Figure 2. A simplified overview of the Ras downstream signaling network. Ras regulates several 
important cellular functions as cell growth, differentiation, and movement through complex 
signaling network. 
RhoGTPases 
The Ras homologous (Rho) family is one of the major subfamilies, comprising 22 known 
protein members mostly regulating actin related functions (Csépányi-Kömi et al., 2012). 
There are three major member groups of the Rho family, Cdc42, Rac, and Rho, and many 
minor groups (Takai et al., 2001). The three main Rho groups are interconnected and the 
activation signal is transmitted from one RhoGTPase to another (Takai et al., 2001). Rho 
proteins are lipid modified at their carboxyl terminus, containing farnesyl or 
geranylgeranyl groups. Rho plays an important role in actin cytoskeleton reorganization 
enabling cell shape change, motility, adhesion, and cytokinesis. Furthermore, cellular 
events, like the formation of stress fibers, focal adhesion in fibroblast, smooth muscle 
contraction, and cell growth have been linked to Rho (Takai et al., 2001). 
ArfGTPases 
The ADP ribosylation factor (Arf) subfamily contains Arf 1-6, but also secretion-
associated and Ras-related (Sar), Arf-like (Arl), and Arf-related (Arp) proteins. Arf group's 
main function is to control intracellular vesicular traffic (D'Souza-Schorey and Chavrier, 
2006). Unlike other GTPases, Arf proteins are N-terminally lipid modified (myristoyl fatty 
acid), which is essential for membrane association and biological activity (Donaldson and 
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Honda, 2005). SarGTPases identity to Arf is low (<30%), but they are functionally related 
initiating vesicle budding (Kahn et al., 2006). Non-coherent ArlGTPases are a divergent 
group from the other GTPases, displaying large conformational changes (Kahn et al., 
2006). Arp proteins share 30-40% sequence similarity to other Arf family members, but 
exhibits unusual features like high intrinsic GTPase activity (Schürmann et al., 1999). 
RabGTPases 
The largest GTPase subfamily is the Ras-related proteins in brain (Rab) family, comprising 
over 60 members in humans (Schwartz et al., 2007; Hutagalung and Novik, 2011). Like 
Arfs, Rab proteins are involved in membrane trafficking and intracellular signaling. Rabs 
are C-terminally modified, containing geranylgeranyl groups controlling Rab interactions 
with membrane and GDIs (Schwartz et al., 2007). Also most Rabs include a C-terminal 
prenylation signal and N-terminal myristylation site like ArfGTPases (Collicelli, 2004). 
RanGTPase 
The Ras-like nuclear protein (Ran) has been defined as a separate family or as a part of 
Rab family (Colicelli, 2004; Yudin and Fainzilber, 2009). The single RanGTPase regulates 
nuclear import and export, the mitotic spindle, and reconstruction of the nuclear envelope 
(Weis, 2003). Ran also has a role in cytoskeletal dynamics and importin-dependent 
transport (Clarke and Zhang, 2008; Yudin and Fainzilber, 2009). 
2.1.2 Guanine nucleotide exchange factors (GEFs) 
GTPases are rarely in nucleotide free conformation, but normally they are in inactive 
GDP-bound conformation. In the cell there is an excess of GTP over GDP, but the intrinsic 
nucleotide exchange is very low in case of most of the GTPases. GEFs are needed to 
enable GTPase activation by increasing the GDP release (Lenzen et al., 1998). The ability 
to increase the nucleotide exchange is partly due to the GEF proteins higher affinity to the 
GDP-bound GTPase, and partly due to ability to stabilize the nucleotide free conformation 
enabling GTP binding (Lenzen et al., 1998). 
For over 150 GTPases there is an even higher number of equal molecular size GEFs 
(Wennerberg et al., 2005; Bos et al., 2007). The number of GEFs and GTPases 
corresponds in most of the subfamilies, except in Rho where GEFs outnumbers GTPases 
nearly 4-fold (Csépányi-Kömi et al., 2012). This complexity guarantees the specificity of 
the signaling network. GEFs are multidomain proteins comprising of protein and lipid 
interaction domains (Bos et al., 2007). The exact nucleotide exchange mechanism varies 
depending on the GTPase and GEF. However, the basic principle is similar; GEF activates 
the GTPase by either helping in the GDP removal and/or stabilizing the intermediate 
conformation. The principle of GEF dependent nucleotide exchange is depicted in Figure 
3, using RhoGTPase-GEF interaction as an example.  




Figure 3. Guanine nucleotide exchange factor (GEF) catalyzed GDP dissociation. (A) Rho-GTPase 
is normally in GDP-bound inactive form. P-loop together with switch I and II are responsible for 
nucleotide binding in magnesium (Mg2+) dependent manner. (B) GEF interacts with RhoGTPase 
switches and with Mg2+ by changing the GTPase conformation and enabling GDP dissociation. 
GEF proteins are regulated at four levels; 1. localization, 2. intramolecular inhibitory 
sequence, 3. PPI, and 4. GEF activity down-regulation (Schmidt and Hall, 2002). The 
localization is controlled by activation of cell surface receptors, through regulating 
domains (e.g. pleckstrin homology (PH)), and with nuclear import and export signals 
(Prokopenko et al., 1999; Tatsumoto et al., 1999; Bustelo 2000; Cherfils and Zeghouf, 
2013). The intramolecular inhibition usually occurs through GEF autoinhibition (Schmidt 
and Hall, 2002). In the third state the PPI can control GEF activity independently by 
oligomerization of the GEFs or through interaction of different domains in the GEF and 
the GTPase (Hart et al., 1998; Zhu et al., 2001). Finally, the GEF activity is down-
regulated through GEF inhibitors or ubiquitination/degradation (Bustelo et al. 1997; 
Nielsen et al., 1997).  
RasGEFs 
There are around 30 known RasGEFs containing the Cdc25 homology domain. Usually the 
catalytic Cdc25 domain is in combination with a stabilizing Ras exchange motif (REM). 
Cdc25 is by far the most widely studied GEF domain and it can activate Ras, Rap, and Ral 
(Cherfils and Zeghouf, 2013). Other domains, e.g. Ras/Rap1-associating domain and 
pleckstrin homology (PH) domain, allow the protein-protein and protein-lipid interactions 
(Liao et al., 1999). RasGEFs are mostly localization controlled through lipid products 
(Caloca et al., 2003). Autoinhibition, membrane targeting, and lipid sensing regulatory 
segments also play important roles in RasGEF control (Jun et al. 2013). 
RhoGEFs 
The GTPase subfamily with the largest number of identified GEFs is the RhoGTPases 
(around 80). There are three main catalytic domain in RhoGEFs, Dbl homology (DH), 
DOCK, and PRONE. In most RhoGEFs, a tandem domain defines the catalytic and the 
targeting domains (PH), and forms a minimal structural unit to promote nucleotide 
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exchange (Schmidt and Hall, 2002; Rossman et al., 2005). The DH includes three 
homology regions that form the interaction pocket. The PH domain mostly modulates 
membrane binding and is located adjacent to the C-terminus of the DH domain, but also 
can participate in the GTPase binding (Schmidt and Hall, 2002; Rossman et al., 2002). The 
RhoGEF family containing Dock Homology Region domain (DHR) is comprised of 11 
members. DHR and DH domains are unrelated but both controls Rho activation (Cote and 
Vuori, 2007; Rossman et al., 2005). DOCKs mostly control Rac and Cdc42. In plants, 
PRONE domain-containing RhoGEFs are dominant and works similarly to DH containing 
GEFs, even though the domains are unrelated (Thomas et al., 2007). 
ArfGEFs 
The Sec7 domain is the characteristic catalytic domain in ArfGEFs. The number of known 
ArfGEFs is approximately 20, but their function is less defined than the functions of Rho- 
or RasGEFs (Casanova, 2007; Donaldson and Jackson, 2011). ArfGEFs are divided into 
five groups, from which four families are related, but the fifth family has no sequence 
homology (Richardson et al., 2012; Zhai et al. 2012). ArfGTPases undergoes exceptionally 
large structural rearrangement during membrane-location and activation. In the nucleotide 
exchange, the membrane acts as cofactor simultaneously ensuring the correct membrane 
attachment. Even less is known about ArfGEF other than the Sec7 domain containing 
proteins. Also no GEFs for Arl and Arp have been described (Cherfils and Zeghouf, 2013). 
RabGEFs 
RabGEFs are a structurally diverse group of proteins and their size varies from small 
proteins to multiprotein complexes. Also their mechanisms behind nucleotide exchange 
occur through unrelated structural changes, and their activities vary significantly (Lee et 
al., 2009; Stein et al., 2012). The group of over 50 RabGEFs is divided into four types of 
unrelated GEF groups (Hutagalung and Novick, 2011). The most common catalytic 
domain for RabGEFs is Vsp9. Another conserved catalytic domain is DENN, and together 
with Vps9 these are mostly the activators for endocytic Rabs and their specificities are 
partly overlapping (Vázquez-Martínez and Malagón, 2011; Cherfils and Zeghouf, 2013). 
The nucleotide exchange mechanism for the Vps9 domain-containing GEFs utilizes the 
catalytic glutamine like ArfGEFs. The DENN domain protects the switch I but does not 
modify the nucleotide binding site. 
RanGEFs 
The single RanGTPase has one extremely effective GEF protein called RCC1 (regulator of 
chromosome condensation). This RanGEF performs a pivotal role in catalyzing the GDP 
dissociation by a mechanism in which switch I is not displaced. The difference is due to a 
10-fold higher affinity of the Ran protein to GDP than GTP. The RanGEF binds both Ran-
GDP and Ran-GTP forms (Moore, 1998; Seki et al., 1996; Moore, 1998). 
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2.1.3 GTPase activating proteins (GAPs) 
The intrinsically slow GTP hydrolysis can be accelerated by large multidomain GAP 
proteins. The correct function of GAP is necessary to enable GTPase signaling by 
increasing the hydrolysis reaction in biologically relevant level. The catalytic GAP domain 
or domains (20-50 kDa) operate the catalytic function in GTP hydrolysis, which is a key 
reaction in many biological processes, e.g. protein synthesis, visual perception, vesicular 
transport, protein targeting, growth control, and differentiation (Bourne et al., 1990).  
 
Figure 4. The GTPase activating protein (GAP) assisted GTP hydrolysis. The intrinsic GTP 
hydrolysis in GTPases is very slow, and GAP proteins accelerate the reaction in H2O and Mg2+ 
dependent manner. The GTP hydrolysis mechanism with Ras/Rho (A), Rap (B), Arf (C), Rab (D), 
and Ran (E) GTPases varies but one or more important amino acids, arginine, glutamine, and/or 
asparagine, is involved in GTP hydrolysis. 
The overall number of GAPs matches the number of GTPases. However, not all proteins 
with a GAP domain have been proved to exhibit hydrolysis activity (Brandt and Grosse, 
2007). The arginine finger is the most important region in the GAP structure (Scheffzek et 
al., 1997). In the trimeric membrane G proteins, the arginine finger is located in Gα 
subunit. The catalytic mechanism in GAP-assisted GTP hydrolysis is not universal for all 
G-domain containing proteins, and some also work independent of arginine or glutamine in 
active site of the GAP domain (Figure 4). The hydrolysis mechanisms inside the GTPase 
families are roughly similar, exhibiting the bond cleavage between the γ- and β-phosphate. 
This occurs after GAP binding, when in-line nucleophilic attack of the γ-phosphate of GTP 
can take place in the presence of a water molecule (Cherfils and Zeghouf, 2013). The 
specificity profile of GAP proteins and the control of GAPs and GEFs are quite similar 
(Bernards and Settleman, 2004).  




There are approximately 15 proteins belonging RasGAP family, which can be divided as 
RasGAPs and RapGAPs. RasGAPs can be further divided into four and RapGAPs into 
three subfamilies (Ligeti et al., 2012). RasGAP mainly downregulates Ras function but it 
also works as intrinsic effector and has a role in Rho activation (Tocqué et al., 1997; 
Leblanc et al., 1998). In the basic form, the catalytic domain is located near the C terminus 
while the N terminus is essential for downstream signaling. Regulative domains mediate 
lipid interactions, Ras-induced transformation, and interactions with proteins (Musaccihio 
et al., 1992; Clark et al., 1993; Lemmon, 2005; Sot et al., 2013). A characteristic arginine-
finger can be found in RasGAPs (Figure 4A). The arginine-finger stabilizes the negative 
charge development at the GTP phosphate group and serves as a helper in Ras switch II 
glutamine positioning (Glennon et al., 2000). RapGAPs do not use an arginine-finger, as 
this is replaced by threonine (Figure 4B). The reaction is mediated through catalytic 
asparagine working similarly as the glutamine-finger in the RabGAPs (Scrima et al. 2008). 
RhoGAPs 
The large RhoGAP family comprises over 70 known proteins containing RhoGAP domain 
(Xu et al. 2013). RhoGAPs have a number of functional domains enabling interactions 
with Rho and effector molecules. The RhoGAP domain shares over 20% sequence 
homology among family members, especially in catalytic arginine-finger region (Moon 
and Zheng, 2003; Rittinger et al., 1997). RhoGAPs shares the same basic catalytic GTP 
hydrolysis mechanism as RasGAPs (Figure 4A). Most of the RhoGAPs displays activity 
towards more than one RhoGTPase members (Tcherkezian and Lamarche-Vane, 2007). 
ArfGAPs 
There are at least ten ArfGAP subfamilies in the human genome (Cukierman et al., 1995). 
Like ArfGEF, ArfGAPs are also a structurally diverse group, and their size varies from 
small proteins to large complexes. The ArfGAP domain contains an architectural zinc-
finger motif and catalytic arginine (Figure 4C) (Goldberg, 1999; Scheffzek et al., 1998). 
The role of ArfGAPs is not only catalytic, but it is also important in membrane trafficking 
(Nie and Randazzo, 2006). The localization and regulation of ArfGAP is not well 
understood, but the function of ArfGAP seems to be specific to Arf over Arl or Sar (Inoue 
and Randazzo, 2007; Kahn et al., 2008). 
RabGAPs 
RabGTPases are less dependent on GAP function than the other GTPases due to their 
prominent intrinsic GTP hydrolysis (Barr and Lambright, 2010). A multitude of RabGAPs 
have been identified, of which most contain a catalytic TBC domain working in parallel to 
those of Ras- and RhoGAPs (Pan et al., 2006). However, a single non-TBC GAP has also 
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been identified (Clabecq et al., 2000). In TBC domain-containing RabGAPs, there is 
arginine-finger and additional glutamine-finger dual structure in the catalytic site (Figure 
4D) (Pan et al., 2006). The additional finger functions similarly to the asparagine moiety in 
RapGAPs (Scrima et al. 2008). However, it should be pointed that the dual-finger structure 
is not always found in TBC domain-containing GAPs. 
RanGAPs 
In RanGTPases, GTP hydrolysis mechanism differs from other GTPases involving the 
RanGAP and Ran-binding proteins (RanBPs) (Bischoff et al., 1995). The RanBP itself 
cannot mediate the hydrolysis but works as a coactivator of RanGAP by relieving the 
inhibition caused by the C-terminus of Ran (Bischoff et al., 1995; Seewald et al. 2002). 
Because RanGEF (RCC1) is located in the nucleus and RanGAP is in the cytosol, gradient 
is created across the nuclear pore (Görlich and Kutay, 1999). The RanGAP function does 
not utilize the arginine-finger, but Ran itself provides the machinery for hydrolysis (Figure 
4E). The glutamine residue in Ran has a crucial importance in GTP hydrolysis and the 
RanGAP function by stabilizing the switch II region and positioning the catalytic 
glutamine (Seewald et al. 2002). The mechanism is related to what has been found with Gα 
proteins (Tesmer et al., 1997). 
2.1.4 GDP dissociation inhibitors (GDIs) 
The guanine nucleotide dissociation inhibitors (GDIs) are the third major class of GTPase 
regulatory proteins. GDIs work as down-regulators for Rho- and RabGTPases, typically 
preventing the nucleotide exchange and membrane association (Dovas and Couchman, 
2005). The GDI possess three functions; 1. inhibition of nucleotide exchange, 2. inhibition 
of GTP hydrolysis, and 3. inhibition of GTPase binding to membrane (Figure 5). 
Mammalian RhoGDIs are divided in three groups; RhoGDIα, RhoGDIβ, and RhoGDIγ 
(DerMardirossian and Bokoch, 2005). GDP dissociation inhibition preventing the GEF 
binding to Rho is the main GDI function (Ueda et al., 1990). The hydrolysis inhibition and 
the affinity to Rho-GTP is condition dependent and less understood (Sasaki et al., 1993; 
Chuang et al., 1993). However, it is known that the GDIs can also interact with Rho-GTP 
and prevent both GAP induced and intrinsic hydrolysis. GDI can also maintain the Rho in 
the cytosol by harboring the membrane-targeting moiety within the hydrophobic pocket 
(Keep et al., 1997). In all cases, the GDI function is regulated by phosphorylation 
(DerMardirossian and Bokoch, 2005; DerMardirossian et al., 2006). Large RabGDIs 
perform the same function as RhoGDIs without any structural similarity (Boguski and 
McCormick, 1993; Keep et al., 1997). In the case of Rab, the inhibition of the membrane 
association is the primary GDI function. RabGDIs are controlled by phosphorylation, but 
also with GDI-displacement factors (GDF). GDFs function by releasing Rab from GDI in 
endosomal Rabs (Dirac-Svejstrup et al., 1997; DerMardirossian and Bokoch, 2005). 




Figure 5. GDP dissociation inhibitor (GDI) function in the GTPase cycle. GDI proteins are GTPase 
down-regulators, which prevents mostly the GTPase membrane anchorage and/or nucleotide 
exchange. GDIs prefer binding to GDP-bound GTPase but it can interact also with active GTP-
GTPase. GDI has been described to Rho and Rab family GTPases. 
δ subunit of retinal rod phosphodiesterase (PDEδ) 
The δ subunit of retinal rod phosphodiesterase (PDEδ) display GDI-like function 
solubilizing farnesylated Ras isoforms and enhancing the diffusion in the cytoplasm 
(Chandra et al., 2012).  PDEδs are not normally counted as a GDI but in the group of GDI-
like solubilizing factor. PDEδ possess GDI-like pocket which can trap farnasylated Ras 
into cytoplasm but also concentrate depalmitoylated Ras at the Golgi (Hanzal-Bayer et al., 
2002; Chandra et al., 2012). The PDEδ interact normally with the prenyl-moiety which is 
often found in Ras and Rap. However, prenylation is not essential for GTPase binding and 
PDEδ can interact also with non-farnasylated ArlGTPases (Nancy et al., 2002).  
2.1.5 GTPases in cancer and other diseases 
Disturbances in GTPase signaling can result severe disease states. The most common 
disease is mutational activation of Ras, which is found in over 30% of human cancers 
(Karnoub and Weinberg, 2008). This high diseases relevance makes GTPases attractive 
pharmacological targets, but so far no successful Ras inhibition strategies are in clinical 
use. GTPases are strictly regulated by GEF and GAP proteins which can also be mutated, 
but are often classified as undruggable targets (Vigil et al., 2010). However, a useful 
inhibition strategy will probably require combinatory pathway blocking and tailored Ras 
isoform and mutation specific therapeutic approaches (Vigil et al., 2010; Mattingly, 2013; 
Cox et al., 2014). 




Overactivity of GTPases is the most common cause of disease. Cancers are frequently 
linked to mutations of RasGTPases at three loci, Gly12, Gly13, and Gln61 (Prior et al., 
2012). K-Ras mutations are the predominant form in cancer and occur usually in early 
states of tumor progression. N-Ras and H-Ras are found in less than 10% of all cancers and 
there is clear link between the cancer type and the mutated Ras subfamily (Fernández-
Medarde and Santos, 2011). Other mutated GTPases than Ras are rarely found in cancer 
(Vigil et al., 2010). Ras mutations usually occur early in the tumor progression and the 
continued mutant Ras expression is cruzial for tumor maintenance and linked to poor 
prognosis. Mutations cause constantly active GTP-Ras population due to impared GAP 
stimulation (Bos et al., 2007; Cox et al., 2014). K-Ras mutations are most often found in 
biliary tract, intestine, and pancreas cancers. N-Ras linked cancers are located in 
hematopoietic and lymphoid tissue, skin, and intestine. H-Ras mutations are found in 
urinary track and salivary gland cancers (Karnoub and Weinberg, 2008; Fernández-
Medarde and Santos, 2011). Ras mutation frequency in cancer and the isoform-specificity 
of the point mutations are listed in Table 1. 
Table 1. Ras mutations and isoform-specific point mutations in human cancer. Data represent 
overall and Ras isoform-specific mutation frequency in selected cancers, and most frequent point 
mutations based on COSMIC database (Prior et al., 2012; Cox et al., 2014). 





















PDCA 100 12D, 12V 0 - 0 - 97.7 KRas 
 
CRC 86 12D, 12V, 
13D 
 
14 - 0 - 52.2 APC 
 
MM 55 12A, 12D, 
61H 
 
45 61K, 61R 0 - 42.6 NRas 
LAC 96 12C, 12V, 
12D 
 
3 - 1 - 32.2 EGFR 
SCM 3 - 94 61R, 61K 3 - 29.1 BRaf 
 
UCEC 84 12D, 12V 14 - 2 - 24.6 PTEN 
 
TC 8 12D, 12C, 
13D 
 
65 61K, 61R 27 61R, 61K, 
G12V 
12.5 BRaf 
AML 27 12D, 13D, 
12V 
 
59 12D, 13D 14 - 11.4 NPM1 




HNSCC 9 12D, 12V, 
12C 
5 - 86 12V, 61L 5.5 NOTCH1 
Abbreviations: AML, Acute myeloid leukaemia; APC, Adenomatous polyposis coli; BUC, Bladder 
urothelial carcinoma; CRC, Colorectal adenocarcinoma; EGFR, epidermal growth factor receptor; 
HNSCC, Head and neck squamous cell carcinoma; LAC, Lung adenocarcinoma; MM, Multiple 
myeloma; NPM, Nucleophosmin; PDCA, Pancreatic ductal adenocarcinoma; PTEN, Phosphatase 
and tensin homolog; SCM, Skin cutaneous melanoma; TC, Thyroid carcinoma; TERT, Telomerase 
reverse transcriptase; UCEC, Uterine corpus endometrioid carcinoma. 
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In the Rho family, Rac1 mutations have been found in melanomas and RhoGEF mutations 
in various cancers (Wertheimer et al., 2012; Davis et al., 2013). Both Rac and RacGEF 
overexpression and mutations play a more central role in cancer progression than cancer 
development (Parri and Chiarugi, 2010; Vigil et al., 2010; Wertheimer et al., 2012). 
Deleted, silenced or methylated RhoGAP (DLC1) has also been linked to cancer (Vigil et 
al., 2010). ArfGTPases are regulators of the proliferative and invasive properties of cancer 
cells (Boulay et al., 2008; Muralidharan-Chari et al., 2009). Arf plays a role in modulating 
Rho dependent signaling, which can also lead to cancer. Overexpression of ArfGEFs and 
ArfGAPs has also been implicated in oncogenesis (Ha et al., 2008; Tsai et al., 2012). 
ArfGAP overexpression in cancer makes cells apoptosis resistant (Vigil et al., 2010). 
Elevated expression of Rab gene has been found in several cancers and Rans plays a role 
in cancer development, aggressiveness, progression, and prognostic (Cheng et al., 2005; 
Abe et al., 2008; Yuen et al., 2012). Ran silencing-induced apoptosis could be potential 
way to treat cancer even the mutation is in some other GTPase family (Yuen et al., 2012). 
RASopaties 
In addition to cancer, defective GTPase signaling has been linked to immunological and 
inflammatory disorders. These defects are termed as RASopathies (Fernández-Medarde 
and Santos, 2011; Smith et al., 2013). Neurofibromatosis type 1 (NF-1), Noonan 
syndrome, Costello syndrome, leopard syndrome, cardiofaciocutaneous syndrome, legius 
syndrome, and other developmental disorders belong to this group of diseases (Karnoub 
and Weinberg, 2008; Fernández-Medarde and Santos, 2011). 
NF-1 is an autosomal dominant disease caused by mutation of the NF1 gene (Fernández-
Medarde and Santos, 2011). NF-1 is Ras activity controlling GAP protein and its mutation 
causes the loss of NF-1 function (Cichowski and Jacks, 2001). Capillary malformation-
arteriovenous malformation is also caused by overactive Ras due to another mutated GAP 
protein (p120GAP), and predisposes the patient for cancer (Aoki et al., 2008). Legius 
syndrome is related to NF-1 but also another disorder, Noonan syndrome. Legius 
syndrome is caused by a mutation of Raf (Fernández-Medarde and Santos, 2011). In 
hereditary gingival fibromatosis type 1 the son-of-sevenless (SOS) GEF protein is 
overactivated due to a frame-shift mutation (Hart et al., 2002). Leopard syndrome and 
Noonan syndrome are related to mutations in the gene producing non-receptor tyrosine 
kinase phosphatase. There are also Raf gene mutations found in leopard syndrome and Ras, 
SOS, Raf, MEK and SHOC gene mutations in Noonan syndrome. Both diseases are linked 
to cardiac defects and developmental abnormalities (Karnoub and Weinberg, 2008; 
Fernández-Medarde and Santos, 2011). Leopard syndrome and Noonan syndrome share 
many phenotypical characteristics with cardiofaciocutaneous syndrome (Tidyman and 
Rauen, 2008). In Costello syndrome, two glycine's in positions 12 and 13 in H-Ras are 
mutated, leading to skin changes and susceptibility to cancer (Aoki et al., 2008). 




There are no Ras inhibitors in the clinical use and thus Ras has been termed as 
''undruggable''. However, improved understanding of Ras and advances in drug discovery 
has energized efforts to defeat Ras-driven cancers. Recently, multiple research programs 
have been established (Cox et al., 2014; Stephen et al., 2014). Ras signaling can be 
inhibited using direct inhibitors, interfering membrane association, targeting Ras 
downstream effectors, or using synthetic lethal interactors. Collection of promising 
inhibitors is listed in Table 2. 
Table 2. Selected collection of potential Ras or Raf targeting inhibitors. Ras activation can be 
targeted directly or by affecting the membrane association or downstream effector activation 
(Maurer et al., 2012; Sun et al., 2012; Baker and Der, 2013; Hocker et al., 2013; Cox et al., 2014).  







K-Ras 4B DCAI  
H-Ras HBS3 peptide  
K-Ras BZIM  




 Mutation specific 
nucleotide 
exchange 
K-Ras G12C SML-8-73-1  









Ras Lonafarnib Progeria 






 Salirasib PC 







H-Ras IND12  
C-Raf Kobe 0065 and 
Kobe 2602 
 
H-Ras and C-Raf MCP1  
B-Raf Vemurafenib Melanoma 
Raf 1 Sorafenib RCC, HCC, TC 
Abbreviations: AML, Acute myelogenous leukemia; HCC, Hepatocellular carcinoma; PC, 
Pancreatic cancer; PDE δ, δ subunit of retinal rod phosphodiesterase; RCC, Renal cell carcinoma; 
TC, Thyroid cancer. 
1 Multikinase inhibitor 
 
The picomolar guanosine nucleotide binding and the lack of sufficient binding pocket in 
the Ras surface complicates the discovery of effective direct Ras inhibitors. Ras isoform 
specific post-translational modifications further complicate the Ras inhibition, and thus 
effector inhibition has so far showed the greatest promice. The use of farnesyltransferase 
inhibitors (FTIs) were the first highly studied strategy to block Ras activity. FTIs block the 
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H-Ras membrane association, but unfortunately cannot work with N-Ras or K-Ras which 
are modified also by geranylgeranyltransferases (Liu et al., 2010). Other strategies to 
interfere Ras membrane association are based on mimiting Ras C-terminal modification; 
lipid modifications (palmitoylation/depalmitoylation), CAAX-sequence processing 
enzymes, or post-translational modifications affecting Ras localization (Marom et al., 
1995; Barcelo et al., 2013; Cox et al., 2014). In last few years, low affinity Ras binding 
inhibitors blocking the nucleotide exchange or Raf binding have been introduced (Maurer 
et al., 2012; Sun et al., 2012; Hocker et al., 2013; Cox et al., 2014). However, affinities for 
these inhibitors are too low to be sufficient for clinical testing. Maybe the most promising 
strategy to affect Ras signaling is Ras effector inhibition. Approximately thirty inhibitor 
affecting Raf-MEK-ERK-pathway are currently in clinical studies, but the complexity of 
the signaling network has challenged researchers (Morris et al., 2013). According to 
present knowledge, blocking of multible kinase cascade nodes is needed to provide 
effective inhibition. Other major pathway which inhibition is in clinical evaluation is 
PI3K-AKT-mTOR (Cox et al., 2014). Combined strategies to block Raf-MEK-ERK- and 
PI3K-AKT-mTOR-pathways have already reached clinical trials (Britten, 2013). Also Ral 
and Rac1 inhibitors have shown some potential (Cox et al., 2014). Genes with synthetic 
lethal interactions with mutant Ras have also been identified, but they usually are tissue-
specific and univerval interactors might be impossible to find (Cox et al., 2014). 
2.2 GTPase preparation for in vitro GTPase assays 
In the natural environment, GTPases are always bound to a nucleotide. However, most of 
the in vitro assays developed to study GTPases cannot be performed directly with GTPase 
in its natural state. Thus the preparation of nucleotide free GTPase or GTPase preloaded 
with a nucleotide analog is needed (Tucker et al., 1986; John et al., 1989; Smith and 
Rittinger, 2002). 
2.2.1 GTPase expression and purification 
Nowadays, GTPases are usually expressed from plasmids in bacterial production systems, 
usually the E. coli BL21 strain. Because large amounts of high purity proteins are required, 
the production and purification needs to be optimized. Although the optimal conditions 
vary between proteins, the basic protocols are similar (Eberth and Ahmadian, 2009). 
Molecular tags, such as glutathione S-transferase (GST) and hexahistidine, enable the 
efficient purification (Smith and Rittinger, 2002). The GST-fusion tag works with most of 
the GTPases and their regulatory proteins and it can be enzymatically cleaved after 
purification. Cleavage is often needed to decrease the size. The GST-tag can, however, be 
utilized for pull-down assays using glutathione (GSH) beads (Surviladze et al., 2010). The 
hexahistidine-tag is smaller than the GST-tag, and it does not require removal. The 
purification of GTPases and their regulators is normally executed in a multistepped process 
in which E. coli cells are lysed and the protein of interest is isolated. The final purification 
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is usually performed using gel filtration, and proteins are concentrated (10-20 mg/ml) with 
ultrafiltration (Eberth and Ahmadian, 2009). Suitable storage conditions are critical to 
preserve protein activity and to avoid rapid loss of activity at room temperature or due to 
freeze-thaw cycle (Gibbs et al., 1984). Thus, snap-freezing of these proteins is a mandatory 
step (Eberth and Ahmadian, 2009). In addition, GTPases undergo intrinsic hydrolysis and 
thus GTP loaded GTPases cannot be stored for long periods (Schlicting et al., 1989; 
French et al., 1994). 
2.2.2 Preparation of nucleotide-free and luminescent nucleotide-bound GTPases  
Most of the methods used to study GTPases in vitro require nucleotide free GTPase, which 
can then be preloaded with sufficient nucleotide analog. Activity assays are usually made 
with purified proteins. In cell lysate, problems can arise due to insufficient protein 
concentrations, protein complexes, and multiple regulators (Eberth and Ahmadian, 2009).  
The ethylenediaminetetraacetic acid (EDTA)/Mg2+-system was the first method used to 
create GTPases loaded with a desired nucleotide (John et al., 1989). The method is based 
on the ability of GTPase to bind nucleotides in a magnesium dependent manner (Burstein 
and Macara, 1992; John et al., 1993; Zhang et al., 2000). Magnesium chelation using 
EDTA depletes the nucleotide from the GTPase, enabling the purification of nucleotide 
free GTPase or GTPase reloading. Unfortunately, nucleotide free GTPases lose their 
activity far more easily than nucleotide loaded GTPases (John et al., 1990). Nucleotide free 
"apoproteins" can however be stabilized using guanine-5'-monophosphate (GMP) and/or 
guanosine (John et al., 1990). With the early protocols it was only possible to generate 
small quantitates of nucleotide free GTPase (Purich and MacNeal, 1978; Feuerstein et al., 
1987; John et al., 1990). Nowadays, the alkaline phosphatase based method can provide 
large quantities of nucleotide free GTPases. The system is based on GDP degradation to 
GMP, inorganic phosphate (Pi), and guanosine. GMP and guanosine have very low 
affinities to GTPase, and GDP or GTP can instantly replace it (Eberth and Ahmadian, 
2009). To enable quantitative nucleotide exchange using the EDTA/Mg2+ system, a 50-
100-fold excess of nucleotide is needed, whilst with alkaline phosphatase the need is only 
10-fold (Smith and Rittinger, 2002). 
2.3 Non-luminescence based methods for functional GTPase study 
The traditional way to study GTPases is by the heterogeneous binding assay. These assays 
provide a robust and background-independent way to study nucleotide exchange and 
effector binding in different assay matrixes. However, the usefulness of these assays is 
limited due to a number of drawbacks, i.e. high material consumption and the laborious 
protocol. In this section non-luminescence or label-free GTPase assays techniques are 
introduced.  
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2.3.1 High-performance liquid chromatography (HPLC) 
Heterogeneous methods like high-performance liquid chromatography (HPLC) rely on an 
efficient separation step. HPLC can be used to determine GTP hydrolysis, although, as in 
other heterogeneous assays, the hydrolysis kinetics cannot be monitored. Label-free GTP 
hydrolysis monitoring using HPLC is GTPase family independent low throughput method 
(Ahmadian et al., 1999; Hemsath and Ahmadian, 2005). The HPLC separation can be 
performed using ion-exchange HPLC or reverse-phase HPLC (Smith and Rittinger, 2002). 
With reverse-phase HPLC, a problem arises from hazardous acetonitrile. In ion-exchange 
HPLC, the high salt concentration can harm the equipment or change the reaction (Smith 
and Rittinger, 2002). HPLC assays can be performed without labels using absorbance 
monitoring or with radioactive labels (Rubio et al., 2004). HPLC methods rely on GDP and 
GTP separation and nucleotide absorbance detection (254 nm). The nucleotide separation 
in HPLC is due to phosphate group induced effect, and the retention time increases along 
with the number of phosphates. Unfortunately, the UV absorbance spectrum of nucleotides 
partially overlaps with that of proteins, and thus the presence of GTPases must be taken 
account (Smith and Rittinger, 2002). In GTP hydrolysis assays the most severe problem is 
free GTP. GTPases needs to be preloaded with a high excess of GTP, part of the GTP stays 
unbound and cannot be hydrolyzed. Bound and non-bound GTP cannot be separated in 
label-free HPLC assays, but in radioactivity based HPLC methods the problems from 
GTPase and free GTP can be avoided (Will et al., 2001; Rubio et al., 2004). 
Similarly to HPLC, thin layer chromatography (TLC) enables separation with equal 
sensitivity (Rubio et al., 2004). All separation methods can be used together with 
radiolabels, but without radiolabels, efficient separation is needed and thus HPLC is 
usually the method of choice. High-performance capillary electrophoresis (HPCE) 
possesses certain advantages over HPLC in nucleotide separation (Ng et al., 1992). The 
resolving power of HPLC and HPCE are equal, but HPCE can be performed with lower 
sample volumes and shorter analysis times (25 min). Also the columns used in HPCE are 
superior to HPLC columns (Ng et al., 1992). The separation efficiency, detector sensitivity, 
and GTPase studied, determine the amount of GTPase, regulator, and nucleotide needed. 
When assays to study intrinsic and GAP induced GTP hydrolysis are compared, sample 
and reagent requirements are totally different. However, in all cases high micromolar 
concentrations of protein and nucleotide are required. 
Absorbance 
Direct absorbance from nucleotides is used in HPLC-based methods for GTP hydrolysis 
detection, but normally the direct nucleotide absorbance is not high enough. Other 
absorbance based methods are usually based on Pi detection using Malachite Green (MG) 
or enzyme coupled assays. Colorimetric Pi detection using MG is based on the reaction 
between molybdate and Pi at a low pH (Itaya and Ui, 1966). In acidic conditions the 
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reaction produces phosphomolybdate, which in complex with MG changes the MG color 
from brown to green (640-650 nm). Although colorimetric assays, have been fairly 
successfully used for screening, they have a rather low sensitivity (Quan and Robinson, 
2005; Monroy et al., 2013). Enzyme coupled assays, on the other hand, are not suitable for 
screening due to their high costs. Using 2-amino-6-mercapto-7-methylpurine 
ribonucleoside and purine-nucleoside phosphorylase the GTP hydrolysis is detectable from 
the observation of an increased absorbance (360 nm) in the presence of Pi (Webb, 1992; 
Webb and Hunter, 1992). 
2.3.2 Nucleic magnetic resonance (NMR) 
Nucleic magnetic resonance (NMR) imaging provides an efficient tool for label-free 
GTPase research. NMR can be used with unmodified GTPases and thus disturbances from 
labels are avoided. Recently, the throughput attainable with NMR has increased and today 
GTPase assays can be performed in a routine fashion. 
NMR has given a new perspective to GTPase research, providing a real-time reaction and 
structure change monitoring platform (Marshall et al., 2012). Most GAPs and GEFs are 
large multidomain proteins and thus most in vitro assays are performed with truncated and 
more soluble proteins. In assays with truncated proteins, inputs involving, e.g. 
autoinhibition, phosphorylation, and changes in subcellular localization are lost. Real-time 
NMR utilizes radioactively labeled GTPases by monitoring nucleotide-dependent 
structural changes over time, independently to GTPase or GTPase reaction (Marshall et al., 
2009; Mazhab-Jafari et al., 2010; Marshall et al., 2012). 
The most widely used two-dimensional heteronuclear NMR spectroscopy relies on 
monitoring nucleotide-induced changes from chemical shifts of each amino acid residue 
(Marshall et al., 2009). The overlay of 2D heteronuclear single quantum coherence spectra 
with 1H/15N is first created with active and inactive GTPase. The changes in active and 
inactive state reveal chemical-shift perturbations. These changes caused by chemical 
environment and protein structure can be used to determine kinetic information or 
mutation induced effects (Smith et al., 2013; Smith and Ikura, 2014). Defects involving 
expression, catalysis, allosteric regulation, and membrane targeting are distinguishable. 
NMR is relative fast, and a single measurement takes from tens of seconds to tens of 
minutes. However, required millimolar protein concentration particularly limits the 
suitability of NMR in large scale assays (Marshall et al., 2009; Marshall et al., 2012). One 
advantage is that the real-time NMR is cell lysate compatible, enabling the study of full-
length GTPases in their natural environment (Marshall et al., 2012). However, membrane-
tethered GTPases are not sensitively detected by NMR, and assays with living cell are 
impossible (Marshall et al., 2012). NMR-based fragment screening is widely used due to 
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its easy automation and the ability to obtain high-resolution structures (Palmioli et al., 
2009; Patrigi et al., 2011; Maurer et al., 2012; Sun et al., 2012; Gao et al., 2014). 
Time-resolved Fourier transform infrared spectroscopy 
Time-resolved Fourier transform infrared (TR-FTIR) difference spectroscopy is also 
applied to monitor GTPase reaction mechanisms (Gerwert, 1993; Cepus et al., 1998; Allin 
et al., 2001). TR-FTIR is advantageous for GTPase reaction studies because no 
crystallization is needed and the resolution is at the atomic level (Cepus et al., 1998; Allin 
et al., 2001). This is a major advantage compared to X-ray crystallography and NMR, 
which require solubilized proteins. TR-FTIR is used to reveal the GTP hydrolysis 
mechanisms, and the involvement of PPI in hydrolysis (Allin et al., 2001). High resolution 
is crucial to understand enzymatic reactions as well as detailed changes in GTPase 
geometry and charge distribution. The detailed understanding of the enzymatic catalysis 
helps towards understanding the changes in GTP hydrolysis induced by oncogenic 
mutations (Rudack et al., 2012). 
2.3.3 Radionucleotides 
Radionucleotides have provided a sensitive platform traditionally used to examine GTP 
binding proteins. For example, the filter-binding technique enables assays with nanomolar 
GTPase concentrations, and radiolabel-based assays are still more sensitive than recently 
developed methods (Tucker et al., 1986). Radionucleotides usually bind to GTPase without 
interferences (Rensland et al., 1995; Mazhab-Jafari et al. 2010). With GTPases, 
radioligands like [3H]GDP and [γ-32P]GTP have been used in heterogeneous assay 
platforms to study nucleotide exchange and GTP hydrolysis. Unfortunately, a separation 
step is always needed when radioligands are used. The scintillation proximity assay (SPA), 
however, is an exception and provides a homogeneous radionucleotide based platform. 
Nevertheless SPA is a popular method in drug screening and heterotrimeric G protein 
research, GTPases are rarely studied with it (Glickman et al. 2008). 
The most frequently used radioligand based assay is the heterogeneous nitrocellulose filter 
binding assay performed with [γ-32P]GTP (Goldberg, 1999). This assay enables GTP 
hydrolysis determination and allows multiple turnovers. When hydrolysis occurs, the γ-32P 
is cleaved and it passes through the filter providing low radioactive signal. The correct 
behavior in the assay is also easy to confirm using [α-32P]GTP, which always stays in the 
membrane (Tanaka et al., 1991). Beside filters, charcoal based centrifugal separation is 
also useful (Ligeti et al., 1993). The charcoal separation is based on γ-32P liberation in an 
aliquot of the clear supernatant. The difference between these separation techniques is in 
the scintillation monitoring performed either in membrane or in solution. However, their 
disadvantages, such as separation, extensive manual manipulation, low intrinsic precision, 
radioactive waste, and limited data collection are much the same (Lenzen et al., 1995). 
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The use of radioligands enables multiple turnover measurements of GTP hydrolysis, which 
are not usually achievable with luminescence based assays. With multiple turnovers using 
[γ-32P]GTP, the signal change can be increased compared to single turnover (Kunzelmann 
et al., 2006). With the rapid quench flow apparatus, partial reaction kinetics can also be 
monitored. 5'-O-(3-[35S] thiotriphosphate) ([35S]GTPγS) is the unhydrolyzable GTP analog 
enabling permanent GTP association to the GTPase. [35S]GTPγS is still in use especially in 
membrane based assays (Yamashita et al., 1988; Milligan, 2003; Harrison and Traynor, 
2003). G-protein-coupled receptors (GPCR) linked to Gα-proteins are studied dominantly 
using [35S]GTPγS (Milligan, 2003; Harrison and Traynor, 2003). Unfortunately, 
radiolabels causes unwanted effects in cells, e.g. cell-cycle arrest and apoptosis, and thus 
cell membrane is used (Dover et al., 1994; Yeargin and Haas, 1995). Radioactivity is also 
considered as a risk, requiring strict protocols of exposure and waste handling. For these 
reasons, new luminescence based assays are replacing the old radioactivity based methods. 
2.4 Luminescence based methods for functional GTPase study 
The most important properties of an ideal GTPase cycle monitoring method are sensitivity 
and ability to monitor reaction kinetics. With luminescent nucleotide analogs, GTPase 
reaction kinetics can be monitored with reasonable sensitivity. The sensitivity in the 
luminescence based methods comes from the reporter luminophore, which exhibits a 
change (positive or negative) in the luminescence properties due to nucleotide/GTPase 
interaction. The kinetic data is usually produced with environmental-sensitive reporters 
attached to the nucleotide and/or GTPase structure. Unfortunately, luminescent reporters 
often disturb the GTPase reaction and thus different approaches have been developed. 
These problems arise because the reporter or reporters interfere with either protein-protein 
or protein-nucleotide interactions. In this section, luminescence based methods to study 
GTPases are introduced. 
2.4.1 Luminescently labeled nucleotides 
Luminescent GTP or GDP analogs are useful for GTPase research enabling homogeneous 
assays and kinetic monitoring. Methylanthraniloyl- (mant), tetramethylrhodamine (tamra), 
and BODIPY-labels conjugated on the 2'- or 3'-oxygens of the ribose are the most 
common, but labels for the 8- or N2-position of the guanine or γ-phosphate are also 
available (Figure 6). 
Environment-insensitive labels, like lanthanide (Ln3+) chelates, are also usable. A 
luminophore that will only conjugate with a single isomer of the nucleotide is preferred to 
avoid mixed kinetics. This property is highlighted in stopped-flow measurements where 2'-
conjugation is preferred (Rensland, 1991; Klebe, 1995a; Klebe, 1995b). In an ideal case, 
the nucleotide analog behaves like a natural nucleotide, modification is tolerated, and 
signal change is sufficient (Scheffzek, 1998; Ostermann et al., 1999; Mazhab-Jafari, 2010).  




Figure 6. GTP and luminescent GTP analogs. GTP can be modified with different luminophores to 
create luminescent GTP analog. The most often used luminophores are environment-sensitive e.g. 
methylanthraniloyl (mant), BODIPY, and tetramethylrhodamine (tamra). Modifications (*) can be 
pointed either in 2'- or 3'-position in ribose, 8- or N2-point in guanine or in γ-phosphate.  
Mant-conjugated nucleotides 
Mant is an environmental-sensitive label that is by far the most widely used in GTPase 
studies (Neal et al., 1990). This is due the compact size of the luminophore (Figure 6). 
Usually the 2'-O- and/or 3'-O-isomers of a GDP or GTP are used for label conjugation 
(Hiratsuka, 1983; John at al., 1990). Mant-nucleotides are in less polar environment when 
bound to the GTPase leading enhancement in luminescence. This signal change enables 
nucleotide exchange reaction monitoring (Figure 7A) (Hiratsuka, 1983; John at al., 1990). 
To provide a strong relative increase in luminescence, the lower concentration limit for the 
mant is approximately ten nanomolar. Usually the selected mant as well as proteins 
concentrations are in micromolar range (Eberth and Ahmadian, 2009). The assay 
conditions also need to be optimized, e.g. by removing solid compounds and gasses, and 
adjusting measurement device correctly.  
Mant-nucleotides can be used to monitor either slow or fast kinetics of the nucleotide 
exchange. The fast kinetics is determined with a rapid mixing method using stopped-flow 
equipment (Guo et al., 2005; Hemsath and Ahmadian, 2005). These methods usually 
require less protein than the measurement of slow kinetics (from a few µg to several mg) 
(Eberth and Ahmadian, 2009). A normal fluorescence spectrometer is sufficient to monitor 
slow kinetics and overall luminescence change, but it gives lower time resolution than 
stopped-flow equipment. Usually the assay is performed in a low throughput cuvette 
format, but a microtiter plate can also be used. Luminescence increase over 200% can be 
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monitored with Ras, but with EF-Tu, for example, the increase is modest (John et al., 
1990; Wagner et al., 1995). The normal luminescence change in a GEF induced nucleotide 
exchange assay is from 40% to 60% at excitation and emission wavelengths of 366 and 
450 nm, respectively (Eberth and Ahmadian, 2009). Mant-nucleotides also enable 
fluorescence polarization (FP) monitoring. 
Not all GTPases tolerate modifications of the sugar moiety in the nucleotide (Ostermann et 
al., 1999). The 8-position modified nucleotides are an alternative, but the GTPase binding 
affinity is sacrificed. On the other hand, γ-modified nucleotides are not hydrolysable. The 
most widely used hydrolysis resistant GTP derivatives are 2'(3')-O-(N-methylanthraniloyl)-
guanosine-5'-[β,γ-imido]triphosphate (mant-GppNHp) and 2'(3')-O-(N-methyl-
anthraniloyl)-guanosine-5'-[γ-thio]triphosphate (mant-GTPγS). These analog are also 
useful in GTPase-effector interaction determination, because effectors usually bind to 
active GTP- GTPase (Haeusler et al., 2003). Modifications in the N2-position do not 
interfere with the hydrolysis or GTPase binding affinity (Noonan et al., 1991; Hoffenberg 
et al., 1996). N-2-(4"-N-methylanthraniloylaminobutyl)guanosine-triphosphate and N-2-
(2"-N-methylanthraniloyl-aminoethyl)guanosine-triphosphate are N2-position labeled 
nucleotides, whose luminescence increase 25-95% upon binding (Ostermann et al., 1999). 
 
Figure 7. Luminescence based methods for GTPase activation monitoring using environment- 
sensitive labels. (A) Mant-labels luminescence changes during GTPase binding and the change can 
be monitored either directly or using anisotropy. (B) BODIPY-label enables similar GTPase assays 
as mant-label, which can be performed directly in solution or utilizing solid support. (C) 
Endogenous or introduced tryptophan (Trp) can also act as environment-sensitive reporter. 
Mant-nucleotides are usually hydrolysable and can provided indirect data for Ras/GAP 
reactions, but the mant-GTP does not work for most GTPase/GAP pairs (Ahmadian et al., 
1997a; Ahmadian et al., 1997b; Ahmadian et al., 2003). The mant-GTP signaling 
properties in GTP hydrolysis cannot be predicted from the hydrolysis mechanism 
(Scheffzek and Ahmadian, 2005). In the Ras/GAP assay with mant, GAP binding rather 
than GTP hydrolysis is monitored and thus other labels, e.g. tamra, are preferred 
(Ahmadian et al., 1997a; Ahmadian et al., 1997b; Eberth et al., 2005; Eberth and 
Ahmadian, 2009). 




Environment-sensitive BODIPY-labels can be used similarly as mant-labels (Figure 7B). 
However, the nucleotide association induced luminescence increase is usually more 
prominent than with mant-label (Korlach et al., 2004; Goody, 2014). The most widely used 
BODIPY-label in GTPase assays is green-luminescent BODIPY FL. Other possibilities for 
GTPase assays are orange-luminescent BODIPY R6G, and red-luminescent BODIPY TR. 
In this context, all different color BODIPY-labels are called by the generic name BODIPY. 
BODIPY-labels are usually attached to the γ-phosphate, but they can be coupled to 2'- 
and/or 3'-positions (Willard et al., 2005; Jameson et al., 2006). Conjugation to γ-phosphate 
has a major effect to the BODIPY-GTP affinity to GTPase, and it interferes with binding 
more than 2'- and/or 3'-position modifications. Also the γ-labeled BODIPY-GTP activated 
GTPase cannot interact normally with effectors (Korlach et al., 2004; Goody, 2014). The 
reduced BODIPY-GTP binding affinity especially complicates cell-based assays where it 
competes with the high concentration of free GTP (Goody, 2014). In GPCR and Gα 
studies, BODIPY-GTPγS is more useful, and also its binding affinity is less compromised 
(McEven et al., 2001;  Willard et al., 2005). BODIPY-GDP and unhydrolyzable GTP 
analogs, BODIPY FL-GMPPNP and BODIPY-GTPγS, have also been used to study 
GTPases (Korlach et al., 2004; Xiong et al., 2012; Goody, 2014). 
Tamra-conjugated nucleotides 
A less frequently used luminescent nucleotide analog is 2'(3')-O-(N-ethylcarbamoyl-(5''-
carboxytetramethylrhodamine)amide)-GTP (tamra-GTP) (Eberth et al., 2005). Unlike 
other luminescent analogs, tamra-GTP enables efficient GTP hydrolysis assays sensing the 
conformational change in the GTPase structure (Eberth et al., 2005; Hemsath and 
Ahmadian, 2005). Tamra-labels are monitored at higher wavelengths (546 nm excitation 
and 583 nm emission) than other environment-sensitive labels. In addition, the protein 
consumption in GTP hydrolysis assays is less than one tenth with tamra-GTP compared to 
HPLC-based assays (Eberth and Ahmadian, 2009). 
Mant-nucleotides cannot provide a prominent luminescence increase in nucleotide 
exchange with all GTPases, and especially in GTP hydrolysis assays, the luminescence 
signal decrease is only modest (Ostermann et al., 1999). Tamra-GTP enables kinetic 
measurements with some of the GTPases that are insensitive to mant (Eberth et al., 2005). 
Hydrolysis monitoring with mant-nucleotides is based on the change in luminescence 
when Ras-GAP interaction occurs (Scheffzek et al., 1998; Ostermann et al., 1999). With 
tamra-GTP, luminescence decrease during the hydrolysis is measurable also with Rho, but 
not with all GTPases (Eberth et al., 2005). The decrease in tamra's luminescence in GTP 
hydrolysis is due the lost interaction between tamra and GTPase (Eberth et al., 2005). With 
Ras or Rho, the decrease in tamra's luminescence is 10-15% (Eberth and Ahmadian, 2009). 
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Other environment-sensitive labels 
Mant, BODIPY, and tamra dominate GTPase assays performed with environment- 
sensitive labels. However, other nucleotide analogs, e.g. 2'(3')-O-(2,4,6-trinitrocyclohexa-
dienylidene)-GTP (TNP-GTP) have also been applied to study GTPases (Hiratsuka, 1985; 
Hiratsuka, 2003). Like all environment-sensitive labels, TNP enables real-time reaction 
monitoring based on luminescence signal increase during the nucleotide association to 
GTPase (excitation 408 nm or 470 nm and emission 530-560 nm). The label is also 
suitable for Förster resonance energy transfer (FRET) assays (Hiratsuka, 2003). 
Other luminescent labels 
Not all luminescence based methods rely on environment-sensitivity, even homogeneous 
methods are not easy to develop with other labels. FP is one of the only platforms enabling 
this kind of homogeneous assays. Unfortunately, FP-based GTPase assays cannot be easily 
modified, but when established FP is highly suitable for screening purposes. A FP based 
assay using GDP-Alexa633 has been used for screening of potential small molecule 
inhibitors of GAP induced GTP hydrolysis (Huss et al., 2007; Sun et al., 2011). The 
commercial Transcreener® assay is based on GDP detection using a diphosphate specific 
antibody. In this assay, GDP and GDP-Alexa633 compete for binding with the antibody, 
and the reaction is monitored using FP (emission 688 nm). The GDP produced upon 
hydrolysis can displace the GDP-Alexa633 from the antibody, producing a reduced FP 
signal of around 2.5-fold with a Z-factor over 0.7. The assay is based on activity 
measurement, and thus also enables allosteric inhibitor detection. However, due to the 
single turnover principle of the assay, a relative high concentration of GTP preloaded 
GTPase is needed (around 100 µM). The antibody used is not GDP but rather diphosphate 
specific, which delimits the usefulness of the assay only to precisely controlled in vitro 
applications (Sun et al., 2011). The mant-label also enables FP based monitoring 
(Brownbridge et al., 1993). The change in fluorescence anisotropy reflects the overall 
molecular size of the complex, in this case nucleotide binding to GTPase or GTPase 
interactions with effectors. For these reasons the assay is especially useful when affinities 
between the interaction partners are determined. With mant-nucleotides, FP is often used 
as a control technique (Phillips et al., 2003; Manor, 2006).    
Lanthanide chelates are efficiently used in heterogeneous assay, but not in homogeneous 
assays for GTPases. Ln3+-chelate labeled GTP derivatives (Eu3+-GTP or Tb3+-GTP) are 
used to study heterotrimeric- but rarely monomeric G-proteins (Frang et al., 2003; Koval et 
al., 2010). This is due to the lack of direct homogeneous techniques to measure the 
proportion between bound and unbound Ln3+-GTP. Usually, Ln3+-based assays for 
GTPases are based on energy transfer (Vuojola et al., 2009; Martikkala et al., 2011). 
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2.4.2 Tryptophan modified GTPases 
GTP-binding proteins can be studied by observing the changes in the luminescent 
properties of tryptophan that occurs due conformational changes (Higashijima et al., 1986; 
Papp and Vanderkooi, 1989). Tryptophan enables monitoring of either nucleotide 
exchange or GTP hydrolysis with reasonable micromolar sensitivity. Tryptophan serves as 
an environment-sensitive moiety somewhat similar to luminescent nucleotides (Figure 7C). 
Tryptophan is most often used as an energy transfer partner to improve the signal-to-
background (S/B). Unfortunately, tryptophan cannot be found in all GTPases, although it 
can be added by mutagenesis (Rensland et al., 1995; Ahmadian et al., 1999). Normally, 
tryptophan is excited at 290 nm and the emission is monitored at 330 nm, and the change 
in luminescence is caused by change in emission maxima or intensity (Pan et al., 1995). 
Endogenous tryptophan is found in several GTPases, e.g. Rho and Arf. Due to optimal 
tryptophan positioning, Arfs are the most studied GTPases (Kahn and Gilman, 1986; 
Antonny et al., 1997; Zeeh et al., 2006). Unfortunately, the change in tryptophan 
luminescence can be altered for multiple reasons, especially when multiple tryptophan 
moieties are present. Correctly positioned tryptophan gives a 10-110% change in 
luminescence during GTPase reactions (Kahn and Gilman, 1986; Higashijima et al., 1986, 
Antonny et al., 1991). As an alternative to tryptophan, there are nine tyrosines in the Ras 
structure that also enable activation studies (Antonny et al., 1991). As the intensity of the 
luminescence from tyrosine is lower than tryptophan, a tryptophan substituted RasY32W 
mutant has been created (Skelly et al., 1990; Antonny et al., 1991; Yamasaki et al., 1994; 
Ahmadian et al., 1999). This method enables GTP hydrolysis monitoring with smaller 
sample requirements than HPLC (Ahmadian et al., 1999). The link between tryptophan 
positioning and the change in signal has been studied in greater depth with Rab. With all 
tryptophan mutants, blue shifted emission spectra were monitored, but usually without 
notably luminescence change (Pan et al., 1995). Unfortunately, the positioning of 
tryptophan together with high energy UV-excitation can cause unwanted effects. 
Like FP, tryptophan luminescence is frequently selected as a confirmatory method to 
monitor GTPase state while other reactions are monitored with distinct method (Bill et al., 
2011). Direct tryptophan luminescence and FRET between labeled GTPase and an effector 
is utilized for inhibitor screening. From the FRET signal the PPI can be monitored, and 
tryptophan residue can report whether GTPase is activated. Based on these signals the 
position in which inhibitor is affecting can be identified (Bill et al., 2011). 
2.4.3 Energy transfer based methods 
The energy transfer between two luminophores enables the study of complex GTPase 
regulator and/or effector systems (Figure 8). Most importantly, these methods enable 
multiprocess reaction monitoring at once. Energy transfer can also be used with GTPases, 
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which cannot be studied with environment-sensitive labels. Most of the methods based on 
energy transfer rely on GTPases modified with luminescent molecules. The downside of 
methods using luminophores is that GTPase structure modification can affect the GTPase 
activity and interactions with other molecules. The energy transfer method most widely 
applied in GTPase studies is FRET, in which there are demand of spectral overlap and 
short distance between donor and acceptor molecules. Also single-label QRET technology 
enables GTPase studies. 
Förster resonance energy transfer (FRET) based methods 
When a mant-nucleotide is used as a GTPase binding ligand, a tryptophan residue can be 
used as an energy transfer donor (Figure 8A). The mant excitation reaches maximum at 
330-350 nm and cannot be excited at the absorption maximum of tryptophan (290 nm) 
(Hiratsuka, 1983). Energy transfer between tryptophan and mant occurs after nucleotide 
association to GTPase, substantially increasing the mant emission at 430-445 nm. The low 
background from the unbound mant-nucleotide enables the usage of high mant 
concentration (Hiratsuka, 1983). Energy transfer between tryptophan and the mant-label 
usually increases the S/B ratio about 2-fold, compared to tryptophan or mant per se (Rojas 
et al., 2003; Zeeh et al., 2008). 
  
 
Figure 8. Energy transfer as a tool in GTPase activation monitoring. (A) Tryptophan (Trp) moiety 
is often used as a Förster resonance energy transfer (FRET) donor. FRET between Trp and mant-
GTP occurs after GTPase activation, producing a more prominent luminescence change that either 
mant- or tryptophan-labels alone. (B) GTPase fused fluorescence proteins provide another FRET 
signaling platform. Lanthanide (Ln3+) chelate conjugated GTP enables FRET based GTPase 
activation sensor, using fluorescent protein as an energy transfer acceptor. 
Green fluorescent protein (GFP) based FRET is a useful tool to monitor GTPase activation 
in vitro or visualize local activity-changes of GTPases in the living cell (Mochizuki et al., 
2001; Nakamura et al., 2005; Vuojola et al., 2009). Fluorescent proteins are usually 
expressed as a fusion with GTPase. For in vitro purposes, FRET is usually too expensive 
and difficult to construct, due to complicated label positioning. Ln3+-GTP enables more 
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sensitive GTPase nucleotide exchange detection than normal luminophores, e.g. mant. 
Nucleotide exchange has been monitored with FRET and nFRET (nonoverlapping FRET) 
between fluorescent protein and Ln3+-GTP (Figure 8B) (Vuojola et al., 2009). From the 
two configurations, nFRET between Eu3+-GTP and GFP was more sensitive than FRET 
between Tb3+-GTP and yellow fluorescent protein (YFP). GFP- and YFP-Rab assays 
enable the use of only nanomolar protein and Ln3+-GTP concentrations, providing S/B 
ratios 15 and 75 with FRET and nFRET, respectively (Vuojola et al., 2009). 
Quenching resonance energy transfer (QRET) based methods 
The quenching resonance energy transfer (QRET) method is based on energy transfer 
between Ln3+-ligand and soluble quencher molecule (Härmä et al., 2009). The quencher 
molecule used can be either a non-luminescent molecule or luminophore. In the QRET 
assay, a high (µM) soluble quencher concentration is used to generate a high local 
concentration near the Ln3+-chelate. The Ln3+-ligand interaction with the target molecule, 
relocate the Ln3+-chelate in a different environment near the target surface, which lowers 
the quencher-Ln3+-chelate interaction (Härmä et al., 2009). The time-gated measurement 
allows sensitive GTPase monitoring with low protein consumption. 
The QRET technique has been used to study Tb3+-GTP binding to H-Ras (Martikkala et 
al., 2011). As in the other Ln3+-GTP assays, the QRET technique enables the use of 
nanomolar protein and nucleotide concentrations. Unlike FRET assays, the QRET based 
nucleotide exchange assay is easy to convert for different GTPases (Vuojola et al., 2009; 
Martikkala et al., 2011). Unfortunately, the background luminescence increase along with 
the increased protein concentrations limits the usability of Tb3+-GTP assay and also the 
sensitivity was lower than with nFRET (Vuojola et al., 2009; Martikkala et al., 2011).  
2.4.4 Labeled GTPases 
In addition to luminescent nucleotide analogs, labeled GTPases have been used for GTPase 
cycle monitoring. An environment-sensitive label conjugated to the GTPase structure can 
serve as a platform to monitor structural changes. However, the same problems in label 
positioning arise in label conjugation as in the production of fusion proteins for FRET 
purposes. Usually the correct position needs to be found in a trial-and-error manner. Labels 
are usually conjugated to cysteine residues in the GTPase structure. 
Cdc42GTPase structure conjugated environment-sensitive succinimidyl 6-[(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)amino]hexanoate (sNBD), has been utilized to study nucleotide 
exchange (Nomanbhoy et al., 1996). The luminophore discriminates between active and 
inactive GTPase undergoing luminescence enhancement during GTP association. 
Similarly, the GTP hydrolysis decreases the luminescence monitored at 545 nm 
(Nomanbhoy et al., 1996). The sNBD system provides a similar signal change (15-30%) to 
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those reported using tryptophan luminescence (Leonard et al., 1994; Nomanbhoy et al., 
1996). The signal change can be improved 1.5-fold when FRET is monitored between 
sNBD-GTPase and the mant-nucleotide (Nomanbhoy et al., 1996). Dansyl conjugated 
GTPase enable assays to be performed in a similar fashion as with sNBD. Dansyl-labeled 
Rab7:REP-1 has been used to monitor prenylation and can potentially be used to study 
other posttranslational modifications important for GTPase function (Durek et al., 2004). A 
dansyl-based FRET sensor using tryptophan as a luminescence donor has been utilized to 
determine GTPase-effector interaction. This assay can be performed using nanomolar 
protein concentrations providing S/B ratio from 3 to 4 (Durek et al., 2004). With Iaedans-
Ras, label in positions 32 and 86 were found to provide evident luminescence change (30-
70%) in GTP hydrolysis assay, monitored at emission wavelength 480 nm (Kraemer et al., 
2002). The measurement of Ras is easy with most of the methods, and therefore the assay 
was tested with more problematic GTPases. Iaedans-Rap (A86C) assay was developed to 
give evidence of the wide suitability of the GTPase conjugated labels. Unfortunately, the 
cysteine residue needs to be mutated in the GTPase structure. The optimal point for 
mutation varies between GTPase and might also affect the binding properties. These 
features limit the usefulness of environment sensitive labels conjugated to GTPases 
(Kraemer et al., 2002). 
2.4.5 Special methods for GTP hydrolysis detection 
HPLC can provide GTP hydrolysis data but without the kinetic information. Luminescence 
based GTP hydrolysis monitoring with GTPases is usually based on hydrolysis product, 
GDP or Pi, monitoring (Figure 9). Unfortunately, the Pi detection is predisposed to the 
effects of contaminants and the GDP detection suffers from the lack of specific binders. 
Luminescently labeled bacterial actin homologue (ParM) was originally developed to 
monitor ADP, but the sensor also enables GDP monitoring because it can bind all 
nucleoside diphosphates (Kunzelmann and Webb, 2009; Kunzelmann and Webb, 2010; 
Kunzelmann and Webb, 2011). ParM based GDP detection relies environment-sensitive 
MDCC (N-[2-(1-maleimidyl)ethyl]-7-diethylaminocoumarin-3-carboxamide) or tetra-
methylrhodamine. In the GTP hydrolysis assay, the produced GDP binds to ATR-ParM 
inducing conformational change in the ParM structure and a 10-fold signal increase, which 
can be monitored in real-time (Figure 9A) (Kunzelmann and Webb, 2011). GDP 
monitoring using GDP binding antibodies, like in the FP based Transcreener® assay, is also 
applicable for GTP hydrolysis monitoring (Kleman-Leyer et al., 2009; Zielinski et al., 
2009). Both the ParM protein and GDP antibody have over 100-fold higher affinity to 
GDP over GTP. Similarly, nucleoside diphosphate kinase (NDPK) enables diphosphate 
sensor development (Brune et al., 2001). IDCC (N-[2-(iodoacetamido)ethyl]-7-
diethylaminocoumarin-3-carboxamide) labeled NDPK (DCC-NDPK) has low substrate 
specificity and only the number of phosphates signify in the binding. Using NDPK-IDCC, 
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signal-on and signal-off sensors were designed based on the phosphorylation status of 
NDPK. In signal-on and signal-off assays, a 4-fold signal change (emission 455 nm) was 
recorded. The assay can be performed jointly with Pi sensors (Brune et al., 2001). 
Most often the GTP hydrolysis detection is performed monitoring Pi concentration. In 
these methods, increase in Pi concentration can induce increase in luminescence (signal-
on) or Pi can work as a quencher (signal-off). Signal-on methods utilized luminescently 
labeled phosphate binding proteins (PBP) (Brune et al., 1994; Nixon et al., 1995; Brune et 
al., 1998; Hirshberg et al., 1998). The MDCC attached to the PBP changes the 
conformation during Pi binding, moving the MDCC-label into a more hydrophobic 
environment and providing a 7-fold signal increase (Shutes and Der, 2005). In addition to 
MDCC, other environment-sensitive labels, e.g. IDCC, can also be similarly used. When 
the label is in favorable environment, a change in circular dichroism or more preferably an 
increase in luminescence signal can be monitored. The Pi sensitivity of the MDCC-PBP is 
sufficient to monitor GTP hydrolysis (Shutes and Der, 2005). The rapid kinetics and high 
Pi binding affinity (Kd 100 nanomolar) enables MDCC-PBP based GTP hydrolysis assays. 
However, free Pi, which is often present in the solution, can cause problems and thus 
buffer controls are of high importance (Shutes and Der, 2005). 
 
Figure 9. Luminescence based methods for GTP hydrolysis monitoring. In GTP hydrolysis, GDP 
and inorganic phosphate (Pi) is formed. (A) The concentration of GDP formed can be monitored 
using a luminescently labeled GDP binding molecule, e.g. bacterial actin homologue (ParM). ATR-
ParM binds only GDP, which induces the luminescence change. (B) Pi sensitive probe, e.g. Tb3+-
labeled norfloxacin, is luminescent in the absence of Pi, but the signal is quenched after hydrolysis. 
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Methods based on Pi induced luminescence signal quenching are not as sensitive as Pi 
detection using the signal-on principle (Spangler et al., 2009). Advantageously, these 
sensors are also less sensitive to contaminants. Using the signal-off platform, GTP 
hydrolysis has been monitored using a modified ATP detection probe based on Tb3+-
norfloxacin (Tb3+-Nflx) (Miao et al., 2006; Spangler et al., 2008). The GTP hydrolysis 
cause changes in Pi/GDP/GTP proportion and thus Tb3+-luminescence changes (Spangler 
et al., 2009).  Based on the Pi induced Tb3+-luminescence quenching, GTP hydrolysis can 
be monitored more robustly than with the previously described MDCC-PBP sensors 
(Shutes and Der, 2005; Spangler et al., 2009) (Figure 9B). However, the protein and 
nucleotide concentrations needed are in micromolar level. 
Majority of methods developed to monitor GTP hydrolysis rely on environment-sensitive 
labels. These labels are, however, usually conjugated to external reporter protein which is 
not involved in the GTPase cycle studied. This enables the use of the same sensor to 
monitor different hydrolysis reactions, in addition to GTP hydrolysis, without further 
modification. This is an important feature that helps to provide reliable and comparable 
knowledge about the GTP hydrolysis. However, similar problems occur with all systems 
based on GDP and Pi detection. In the detection of GDP, the ParM, NDPK, or GDP 
antibody cannot distinguish nucleoside diphosphates from each other. On the other hand, 
this lack of specificity enables the use of the same assay system to monitor either ATP or 
GTP hydrolysis. Pi sensors cannot resolve the source of Pi. For these reasons, either the 
GDP or Pi sensor cannot be used in cell based assays but only in in vitro (Webb, 2007).  
2.5 Cell based assays 
There are three main limitations with the in vitro assay; 1. multi-domain proteins are 
difficult to produce and use, 2. post-translational modifications are not present, 3. 
subcellular localization induced effects cannot be monitored (Casanova, 2012). Cell- and 
tissue-based assays possess certain advantages over cell-free systems, e.g. reaction 
monitoring and regulation in the context of the cell. For more than ten years there has been 
a trend towards cell-based assays (Mochizuki et al., 2001). The first assays were performed 
in cell lysate, but later whole cell assays have been progressively used. In this section the 
most important methods to study GTPase related reactions are briefly introduced. 
2.5.1 Assays in cell lysate 
The two general categories of cell-based assays are biochemical assays and morphological 
in situ assays. Pull-down (affinity precipitation) assays are the largest group of biochemical 
assays. In the early days, GTPase activity was monitored from cell lysates using GTPase 
binding antibodies and radiolabeled nucleotides. Immunoprecipitation based methods are 
difficult and the lack of proper antibodies limits their usefulness. More recently pull-down 
assays have still been performed from cell lysates, but using tagged effector proteins (van 
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Triest and Bos, 2004). These assays make use of the increased affinity of the effectors to 
activated GTPase. Also luminescence based pull-down sensors have been developed.  
The GST-tag is suitable for both purification and also as a fusion tag in pull-down assays 
(Taylor and Shalloway, 1996; de Rooij and Bos, 1997). The first pull-down assay for Ras 
was performed using GTP-Ras binding GST-tagged RBD (Ras binding domain) from Raf-
1. The pull-down assay can be performed similarly for all GTPases using a suitable 
effector molecule fragment, e.g. p21-binding domain (PBD) or Rho-binding domain (Ren 
et al., 1999). All the pull-down assays are time-consuming and laborious to perform 
(Taylor and Shalloway, 1996). Usually pull-down assays are performed using non-
selective effector fragments that bind multiple GTPases. To enable more precise GTPase 
activation data, GTPases can be further analyzed using specific antibodies (Benard and 
Bokoch, 2002; Jian et al., 2010). Nowadays, polyHis- and biotin-tag based pull-down 
assays are also available. Regardless of the effector, the fusion protein traps the active 
GTPase and links it to the detection matrix. In the case of GST, the detection is performed 
using glutathione sepharose gel or beads. Affinity precipitation gives a general view of 
GTPase activation although cannot be used to observe low or localized changes. 
Fluorescent proteins conjugated to the effector binding fragment have been developed to 
overcome these problems (Chiu et al., 2002; Kiyokawa et al., 2011). Using GFP-RBD, the 
accumulation of the fluorescent protein to the area of activation can be monitored with 
fluorescence microcopy. Unfortunately, the low RBD/GTP-Ras interaction affinity limits 
the usefulness of this technique (Chiu et al., 2002; Augsten et al., 2006). When pull-down 
methods are compared to intracellular monitoring techniques, like total internal reflection 
fluorescence (TIRF) microscopy, the difference in data quality is immense. TIRF enables 
single-molecule imaging of GTP-activation in time and space.  
2.5.2 Energy transfer based methods  
The use of luminescent reporters enables the location specific interaction monitoring 
within a living cell. These assays are usually based on energy transfer between donor and 
acceptor luminophores or protein-fragment complementation (PCA). Energy transfer 
assays often use FRET signaling between a donor tagged GTPase and acceptor conjugated 
to the effector protein (Wang and Wang, 2009; Aoki et al., 2013). This is a common form 
in bi-molecular FRET biosensors. In unimolecular (intramolecular) biosensors, 
luminescently tagged GTPase and effector are connected through a flexible linker 
(Mochizuki et al., 2001; Aoki and Matsuda, 2009; Aoki et al., 2012). This design enables 
equivalent expression of GTPase and effector in the same cell compartment, which rarely 
reflects the natural situation. In addition to these FRET sensors between fluorescent 
proteins, luminescently labeled nucleotides are applicable (Murakoshi et al., 2004). The 
most important cellular GTPase monitoring assays are depicted in Figure 10. 
 




Figure 10. Cell-based GTPase monitoring platforms using luminescence. (A) Förster resonance 
energy transfer (FRET) between two fluorescent proteins can be used to monitor GTPases. In a 
unimolecular Raichu-sensor, GTPase, effector, and luminescence reporters are all linked as a one 
structure. As a result of GTPase activation, FRET signaling occurs. (B) Luminescently labeled GTP 
can also be microinjected into a cell providing a FRET sensor for GTPase activation together with 
fluorescent protein GTPase fusion protein. (C) The protein-fragment complementation (PCA) assay 
is based on a divided enzyme or fluorescent protein whose activity is restored when GTPase is 
activated. The complemented luciferase is spontaneously formed when two portions of luciferase 
are brought into close proximity. 
Different GFP variants and other luminescent molecules encoded in the genome are widely 
used in cell-based FRET biosensors (Mochizuki et al., 2001; Wang and Wang, 2009; Aoki 
et al., 2013). The most frequently utilized GFP variants are YFP and cyan fluorescent 
protein (CFP), which display bright luminescence and low photobleaching (Nguyen and 
Daugherty, 2005; Goedhart et al., 2010). Red fluorescent proteins (RFPs) on the other hand 
are useful in two-photon microscopy (Kotera et al., 2010). Fluorescent protein pair 
selection has a major impact on the sensitivity and dynamic range of the assay (Kiyokawa 
et al., 2011). In all interaction sensors, the FRET signal is produced when the tagged 
GTPase and effector molecule are in close vicinity. The label positioning is especially 
difficult in single-domain type intramolecular FRET probes (Kiyokawa et al., 2011). 
The first example of a unimolecular FRET design was the so called Raichu-sensor (Ras 
and interacting protein chimeric unit) (Mochizuki et al., 2001). This design set the trend 
towards whole cell assays. In the Raichu-sensor, FRET between luminescent proteins 
occurs when GTPase is activated (Figure 10A). Nowadays, there are many variations of 
the original Raichu-design, e.g. single-domain type sensor for Ras (Kotera et al., 2010; 
Kiyokawa et al., 2011). In the single-domain assay, a decrease in FRET is monitored after 
GTP-Ras interact with a double labeled GTPase binding protein. This interaction separates 
the fluorescent proteins, thus causing decreased FRET (Kotera et al., 2010). Usually, inter- 
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and intramolecular sensors are used in different applications (Nakamura et al., 2005). 
Unfortunately, microscopy-based whole cell approaches are slow, but throughput can be 
increased using cytometry-based monitoring (Abankwa and Vogel, 2007; Köhnke, 2012). 
FRET biosensors also suffer from the requirement of a high or even toxic level of 
exogenous protein expression. FRET sensors can also be linked to conventional pull-down 
assays (Aoki and Matsuda, 2009).  
Not all FRET assays utilize energy transfer between two fluorescent proteins, but use 
common small luminophores instead. The first bimolecular design was performed with 
GFP-Rac1 and PBD-Alexa546 (Kraynov et al., 2000). This sensor was named the 
fluorescence activation indicator for Rho protein (FLAIR). The sensor suffers from the 
high background induced by unbound PBD, which could be reduced using nucleotide 
conjugated luminophores (Kraynov et al., 2000; Murakoshi et al., 2004). Like the PBD-
Alexa probe, BODIPY-GTP can also be microinjected to the cell, working as an acceptor 
for the YFP donor (Figure 10B). The major benefit of this is the possibility to use single-
molecule FRET in the visualization due to improved FRET sensitivity (Ha et al., 1996; 
Murakoshi et al., 2004). One FRET complex can be measured at a time with BODIPY-
GTP, but not with two fluorescent proteins (Mochizuki et al., 2001; Murakoshi et al., 
2004). This single-molecule FRET has been used to study GTPase signal-transduction 
mechanism and track the GTPase movement during activation. 
Environmental sensitive merocyanine dyes 
Environment-sensitive labels, like mant and MDCC, are in everyday use in vitro, but rarely 
within cell-based assays due to their modest brightness. Environment-sensitive 
merocyanine dyes are brighter than conventional labels enabling in vivo applications 
(Toutchkine et al., 2003). The first biosensor for Cdc42 activation was employed using a 
solvatochromic dye with a 3-fold increase in fluorescence intensity upon binding. Later, 
improved merocyanine dyes have produced a 15-fold luminescence increase in the Cdc42 
activation assay (MacNevin et al., 2013). Merocyanine dyes are advantageous due to their 
bright, long wavelength (excitation >590 nm) luminescence. Small merocyanine dyes also 
have only a small effect on the GTPase activity, compared to large fluorescent proteins 
(Toutchkine et al., 2003). Merocyanine dyes are constructed from a donor and an acceptor, 
utilizing intramolecular energy transfer. The dye properties can be modified by changing 
either part of the dye (MacNevin et al., 2013). Unfortunately, labeled GTPases needs to be 
microinjected to the cell.  
2.5.3 Protein-fragment complementation (PCA) 
Unlike in FRET assays, PCA-based methods use a single divided reporter, which can be a 
luminescent molecule or component essential to the cell (Campbell‐Valois and Michnick, 
2005; Westwick and Michnick, 2006; Stynen et al., 2012). Toxic effect is avoided due to 
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lower protein expression in PCA methods, compared to fluorescent protein based assays 
(Yu et al., 2004). PCA is already an old method, and it has been traditionally used to study 
molecule-molecule interactions (Johnsson and Varshavsky, 1994). PCA is highly distance 
dependent and spontaneous refolding of the protein can occur after two parts are brought 
within close proximity. Like FRET, PCA enables assays in the living cell, giving 
information about protein complex formation and subcellular localization. The high 
precision of the signal positioning is the main advantage of this method. The signal can be 
monitored using microscopic systems, flow cytometer or a plate reader. The method is thus 
also HTS compatible, but the setup is usually too expensive to use and compile (Westwick 
and Michnick, 2006).  
The split luciferase assay is one of the most sensitive assays, needing only nanomolar 
protein concentrations, and enabling assays in cell lysate or intracellularly (Andrerson and 
Hamann, 2012). The active luciferase is spontaneously formed when the two portions are 
brought into close proximity (Ozawa et al., 2001; Paulmurugan et al., 2002; Andrerson and 
Hamann, 2012; Leng et al., 2013). In GTPase PPI studies, the luciferase portions are 
conjugated to the GTPase and effector. The active luciferase is formed after GTPase 
activation (Figure 10C) (Andrerson and Hamann, 2012). The assay enables the detection of 
GEF induced nucleotide exchange, GAP induced hydrolysis, and GTPase-effector 
interactions. Unfortunately, the indirect signal formation does not enable reaction kinetic 
determination (Andrerson and Hamann, 2012). To enable cell-based assays, the split 
luciferase signaling construct is microinjected into the cell or animal to enable in vivo 
imaging of GTPases (Paroo et al., 2004; Luker et al., 2008; Leng et al., 2013). In live cell 
imaging, the signaling construct fusion protein cell line is created (Luker et al., 2008; Leng 
et al., 2013). The 2- to 13-fold signal increase over the baseline is usually monitored in 
vivo (Leng et al., 2013). 
Split-fluorescent proteins (split-FPs) also enable intracellular assays (Magliery et al., 2005; 
Stynen et al., 2012). Usually, GFP variants are used in split-FP assays, enabling multicolor 
detection platform development. Split-FP has the tendency to give high numbers of false 
positive signals, and the luminescence properties are also limited (Stynen et al., 2012; 
Wong et al., 2013).The split-ubiquitin system relies on the same principle as luminescence 
based assays (Johnsson and Varshavsky, 1994). Instead of a luminescent reporter, the 
GTPase-effector interaction forms a protease cleavage site, and the cleavage releases the 
luminescent protein. The split-ubiquitin system enables PPI studies in different time and 
space (Moreno et al., 2013). PCA methods can also utilize split molecules essential to cell 
survival or colocalization, e.g. split-lactamase. These methods cannot be used directly to 
monitor GTPases but linked signaling system needs to be used (Stynen et al., 2012). 
 




Yeast two-hybrid system is widely used to study PPIs and finding new interaction partners. 
The system is based on modular transcription factor design where binding and activating 
parts are separated. Despite the name, two-hybrid system is not limited to yeast cells 
(Stynen et al., 2012). In PCA, the detected signal is provided due to reporter refolding, but 
in the two-hybrid system the colocalization of two protein domains serves as reporter. 
Two-hybrid system is not based on protein refolding due to interaction (Field and Song, 
1989). However, the system suffers from high false positive rate. To study GTPases, both 
GTPase and GEF recruitment assays have been used (Aronheim, 1997; Maroun and 
Aronheim, 1999; Hubsman et al., 2001; Stynen et al., 2012). In these assays the GTPase 
system was used more as a reporter system than the object of interest. GTPases have also 
been studied directly, distinguishing novel interaction partners (Serebriiskii et al., 1999). 
2.6 Summary and future trends of GTPase research 
Ras genes were identified thirty years ago and since then the urgency of devising strategies 
for treating Ras-driven cancers has only increased. Defects in GTPase regulation are linked 
to a continually increasing number of diseases. During the last decade, major leaps have 
been made for understanding GTPase structural and biochemical mechanisms. The 
increased knowledge of GTPases has led us to focus more on regulation and the dynamics 
of these proteins e.g. autoinhibition and intramolecular interactions.  
GTPases have been a challenging target to drug discovery due to their extensive binding 
surface and nucleotide-specific interactions with regulators, effectors, and membrane. To 
enable these interactions, the GTPase structure is highly flexible especially in the switch I 
and switch II areas. This further challenges the modulation of GTPase function using small 
molecules, and also imposes upon the assay methods used for inhibitor selection in regard 
to GTPase structural considerations, processing, and membrane localization. Only a few 
inhibitory compounds directly for GTPases have been described in recent years, although 
without any major breakthroughs at the clinical level. On the contrary, major 
disappointment in the clinical trials has led to a necessary reassessment on the field, for 
which new assay methods are needed. There is also an ongoing debate in which molecules 
in GTPase cycle have the potential to serve as a drug target (Bos et al., 2007; Vigil et al., 
2010). The prevailing view is that rather than a single inhibitor, multiple inhibitors for 
different target are needed.   
A multitude of different assays have been developed since GTPases were discovered. 
These assays have provided a large amount of data for structure and function, but the 
challenge has been how to correlate the data from different sources. Until recently, GTPase 
functions were mostly studied with nucleotide association and hydrolysis assays utilizing 
radioactive labels or luminescence. On the other hand, GTPase interactions with effectors 
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and regulators have been studied using pull-down assays and immunoblotting. These 
methods are still in use, but NMR and cellular assays have attracted growing interest. 
Assays which can be used in the context of the cellular milieu could close the gap between 
drug screening campaigns and disappointment in clinical trials. NMR brings another 
important aspect, combining structural changes to the nucleotide binding. 
In vitro GTPase assays have been developed towards simpler and more sensitive assays 
suitable for drug molecule screening. In drug screening, the key factors are robustness, 
sensitivity, costs, and automation. In primary screening, traditional nucleotide exchange 
assay retain their place but in an improved form. To enable larger molecule library screens 
for both novel inhibitors and activators, new assay methods are needed. Much 
improvement is also needed to find better congruence between primary screening and real 
inhibitors that could act also into clinic. This common problem is not just related to 
GTPases, but screening in general. In the case of GTPases, this mostly means that inhibitor 
specificity and affinity needs to be high, but due to the lack of clear binding pockets in the 
GTPase surface this has been problematic. Interfacial inhibitors have raised promises, 
potentially offering some solutions to tackle these problems. However, most of the current 
assay strategies are designed to discover molecules that decrease interaction between 
interaction partners (competitive inhibitors). Thus they cannot detect interfacial inhibitors, 
which increase the interaction between proteins. 
In addition to the development in assay design, the development of the reporter material is 
also highly important. With the current luminescence based in vitro assays, the sensitivity 
is usually weaker than with radioactive labels. The sensitivity problems encountered with 
homogeneous assays with environment-sensitive labels have increased the popularity of 
the energy transfer based applications. However, the problem in almost all luminescence 
based assays is the need for modifications in the nucleotide and/or GTPase. These 
modifications can change the GTPase activity and interactions unpredictably (Mazhab-
Jafari et al., 2010). Also in the cellular milieu, the label technology is the limiting factor. 
With fluorescent proteins, the luminescence properties do not enable the use of microscopy 
to its full capacity. With microinjection, luminescent labels with better luminescent 
properties can be used. Unfortunately, the use of externally modified components might 
change the natural network inside the cell, which is the ultimate object of interest. 
All in all, there is still a need for luminescence based methods and especially new methods 
with improved properties. There is plenty of room to improve the current methods to study 
GTPases and especially methods enabling inhibitor screening. New improved luminescent 
labels could enable the more efficient study of GTPase both in vitro and in vivo. Most 
importantly, if the same method could be used for multiple purposes and for all GTPases 
from different families, the comparativeness of the results could be improved dramatically. 
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In conclusion, there is still a lot to be improved in GTPase assays. Also there is room for 
improved luminescence as well as sophisticated non-luminescence based methods. 
The single-label time-resolved luminescence (TRL) based QRET technique was invented 
to improve and simplify the primary screening process (Härmä et al., 2009). The QRET 
technique is based on the separation between target bound and non-bound lanthanide (Eu3+ 
or Tb3+) chelate conjugated ligand. The labeled small molecule ligand could be for 
example, a DNA-fragment, peptide, nucleotide or a small hormone, which are small 
enough that they cannot itself protect the label (Rozwandowich-Jansen et al., 2010; 
Huttunen et al., 2011; Martikkala et al., 2011). The QRET method has an exceptional 
property that enables the detection of the targeted reaction whether the assay is performed 
with purified proteins, membrane or intact cells. The robustness of the QRET method 
enables the use of the method in compination with other signaling techniques as well as 
ensures the assay performance in the presence interfering buffer components e.g. high 
dimethyl sulfoxide concentration (Kopra et al., 2013a; Kopra et al., 2013b). Due to TRL 
detection, the assay sensitivity is higher than with conventional luminophores. Together 
with FP, the QRET technique serves as single-label platform (Härmä et al., 2010). With 
only single luminophore conjugation, possible interferences from multiple labels and 
multiple conjugation reactions can be avoided. At the beginning, the QRET method was 
developed to enable screening by monitoring interactions. Today, the QRET method 
provides a fast-growing set of assays for different targets and assay purposes (Kopra and 
Härmä, 2015). The QRET technique enables not only interaction and drug molecule 
screening, but also protein quantification and reaction monitoring in real-time. 
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3 AIMS OF THE STUDY 
The overall aim of this study was to evaluate the potential of the QRET technique in a 
diverse range of assays and to develop them to monitor GTPase related reactions. The 
separation free single-label QRET technique was previously demonstrated to enable 
sensitive detection or various analytes also in the cellular milieu (Härmä et al., 2009). The 
purpose of this study was to improve the QRET method to enable a larger variety of 
different types of assays and to enable kinetic monitoring of the reaction. A major theme 
was to observe different GTPase reactions e.g. nucleotide exchange and GTP hydrolysis, 
and to study the advantages that the lanthanide chelates and the QRET technique can offer. 
More specifically the aims were: 
I To design universal QRET assay enabling direct protein detection and 
monitoring of the reaction kinetics, using single Eu3+-labeled DNA-aptamer as a 
signaling and a detection molecule. 
 
II To improve GTPase activation assay sensitivity and to enable the kinetic analysis 
of the GTPase nucleotide exchange reaction using different GTPases. 
 
III To study the novel nanoclustering related switch III region in Ras proteins 
using mutant analysis, kinetic profiles, and differences in effector molecules 
binding to study a new mechanism that contributes to the overactive Ras in 
cancer. 
  
IV To select and produce specific GTP binding antibody to enable the study of GTP 
hydrolysis reaction monitoring with GTPases. 
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4 MATERIALS AND METHODS  
This chapter presents a short summary of the materials and methods employed in this 
study. A detailed description of materials and methods can be found in the original 
publications (I-IV). 
4.1 Labels and quencher molecules 
All the assays in this study were made using Ln3+-chelate based time-resolved 
luminescence (TRL) detection. In all the homogeneous QRET studies (I-III), an unspecific 
quenching based method with Ln3+-chelate and a soluble quencher molecule were used. In 
publication IV, the luminescence signal was monitored directly after a separation step 
(from the surface) or after the Eu3+-ion was released and re-chelate with a europium 
luminescence intensifier (EFI), as previously shown by Hemmilä et al., 1984. 
4.1.1 Lanthanide chelates 
The Ln3+-chelate used in publications I-III was {4-[2-(4-isothiocyanatophenyl)-ethynyl]-
2,6,-bis{[N,N-bis(carboxymethyl)-amino]methyl}pyridine}-europium(III) with an 
additional iminodiacetate coordinating arm (Wang et al., 2013). The Ln3+-chelate used in 
publication IV was {2,2′,2′′,2′′′-{[4-[(4-isothiocyanatophenyl)ethynyl]pyridine-2,6-diyl]-
bis(methylenenitrilo)}tetrakis(acetato)}-europium(III) (Mukkala et al., 1993). Ln3+-
chelates were synthesized following the protocols described earlier (Mukkala et al., 1993; 
Wang et al., 2013). The excitation and emission maximum of the Eu3+-chelates are 
approximately 340 nm and 615 nm, respectively. In the homogeneous QRET assays, the 
Eu3+-chelate was conjugated to vascular endothelial growth factor (VEGF) binding 
aptamer (VBA) and basic fibroblast growth factor (bFGF) binding aptamer (FBA) (I) or to 
GTP-analog (II-IV). In the publication IV, the Eu3+-chelate was also conjugated to 
streptavidin (SA). 
4.1.2 Quenchers, luminophores, and fluorescent proteins 
In publications I-III, quencher molecules were chosen according to the absorption spectra. 
In all assays, quencher suitability was tested and confirmed in the selected buffer. All the 
soluble quencher molecules were stored in DMF and purchased from the QRET 
Technologies (Turku, Finland). In publications III-IV, mant-label conjugated GDP, GTP, 
and GTPγS was used in the fluorescence anisotropy measurements. The excitation and 
emission maximum of the mant-luminophore are approximately 370 nm and 450 nm, 
respectively. In publication III, fluorescent proteins, mGFP, mCherry, mRFP, and mCFP, 
were used to study nanoclustering and effector recruitment. In these FRET assays, 
fluorescent proteins were used as Ras, C-Raf-RBD, and Gal-1 fusions. 
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4.2 Instrumentation and instrument settings 
4.2.1 Plate reader for TRL-signal measurements 
In the QRET assays (I-III), the TRL-signal from the Eu3+-chelate was monitored with a 
Victor 1420 multilabel counter (PerkinElmer, Wallac, Turku, Finland). To reduce 
autofluorescence and background signals, measurements were performed in black 
Optiplate 384F (PerkinElmer, Groningen, Netherlands). The default settings for Eu3+ 
(excitation 340 nm, emission 615 nm, delay 0.4 ms, and gate time 0.4 ms) were used. In 
the heterogeneous assay (IV), the TRL-signal from Eu3+-chelate was measured similarly as 
in homogeneous assays, but the assay was performed in 96-well plate format. 
4.2.2 Fluorescence spectroscopy and fluorescence anisotropy 
Spectral measurements in publications I-III were performed with a Varian Cary Eclipse 
fluorescence spectrophotometer using a red-sensitive photomultiplier tube (Varian 
Scientific Instruments, Agilent Technologies, Santa Clara, CA). In publication I, the 
excitation spectra's for Eu3+-aptamer and Quench V were measured from 200 nm to 500 
nm using a 20 nm slit, 0.4 ms gate time, 0.1 ms delay time, and 615/5 nm emission 
wavelengths. Emission spectra were measured from 550-750/5 nm, using a 0.4 ms gate 
time, 0.1 ms delay time, and 340/20 nm excitation wavelength. Emission lifetimes for the 
Eu3+-aptamer, with and without the complex with the target protein and quencher, were 
measured using a 340/20 nm excitation wavelength, 615/20 nm emission wavelength, and 
a gate time of 0.005 ms. In publications II and III, the excitation and emission spectra for 
quencher molecules were measured from 200 nm to 750 nm. All the spectra's were 
measured using 0.4 ms gate time and 0.1 ms delay time using 615/10 nm emission and 
340/20 nm excitation wavelengths. 
In publication III, nanoclustering-FRET was monitored using fluorescence lifetime 
microscopy (Lambert Instruments, Roden, Netherlands). In these assays, an mGFP-Ras 
donor was used with an mRFP-C-Raf and mRFP-Gal-1 acceptor. The fluorescence lifetime 
of mGFP was monitored on an inverted microscope (Zeiss AXIO Observer D1) and filter 
set 38 (excitation: BP 470/40, beam splitter: FT 495, emission: BP 525/50). 
In publications III and IV, the fluorescence anisotropy was monitored using a Synergy H1 
platereader (BioTek, Winooski, VT, USA) and a polarization filter cube with 340/30 nm 
excitation and 485/20 nm emission filters. In publication III, measurements to monitor C-
Raf and H-Ras interaction were made with 100 nM mant-GTPγS or 500 nM mant-GDP-
loaded H-Ras, as previously described (Guzmán et al., 2014). In publication IV, mant-GTP 
(2'/3'-O-(N'-methylanthraniloyl)guanosine-5'-O-triphosphate) was used to monitor 2A4GTP 
antibody binding affinity. The assay was performed using an increasing concentration of 
the 2A4GTP antibody (0-500 nM) and a constant mant-GTP (100 nM) concentration. 
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4.3 Reagent preparation 
4.3.1 Expression and purification of GTPases and regulator proteins  
The expression and purification of the recombinant proteins are described in more detail in 
publications II-IV. All GTPase and effector proteins were produced using E. coli strains, 
M15 (Ras), BL21 (SOS, p120GAP, and NF-1), and DH5α (Rho and Ect). Bacteria were 
dispersed by freeze/thawing followed by sonication. Intact cells and debris were removed 
by centrifugation before purification. His-tagged proteins (Ras and SOS) were purified 
using a HiTrap nickel nitrilotriacetic acid column (GE Healthcare Life Sciences, 
Buckinghamshire, UK), and GST-tagged proteins (Rho, NF-1, p120GAP, and Ect) were 
purified using glutathione beads, after which the tags were removed. All GTPase and GEF 
proteins were snap-frozen and stored in -80 °C. Unnecessary freeze/thaw cycles were 
avoided by creating small sample aliquots. 
4.3.2 Antibody selection and production 
The antibody selection and purification are described in more detail in publication IV. 
GTP antibodies were selected from a ScFvM-library using the phage display technique 
(Huovinen et al., 2013). Three rounds of selection were performed and individual clones 
were tested using enzyme-linked immunosorbant assay. Plasmid DNA from the positive 
clones was extracted according to the GeneJET plasmid miniprep kit instructions (Thermo 
Scientific) and clones were sequenced. After antibody selection, Fab (fragment antigen-
binding) fragments were cloned in periplasmic expression vector (pAK400) to provide 
oxidizing environment which enables correct Fab folding. Fab fragments were constructed 
using PCR-based cloning and standard molecular biology procedures, in which constant 
domain was added to the single-chain variable fragment (ScFv) fragment. After Fab 
construction, heat shock transformation to CaCl2–competent cells was performed and 
antibody production was made in isopropyl β-D-1-thiogalactopyranoside induced glucose 
free medium. Cells were collected and pelleted cells were lysed using sonication. After 
centrifugal debris removal, Fab containing supernatant was collected and filtered through 
0.45 µm filter before further purification using HisTrap-columns with 0.5 ml/min flow rate 
(GE Healthcare Life Sciences, UK). Buffer was further changed to Fab storage buffer (20 
mM Hepes, pH 7.5, 20 mM NaCl) using NAP-5 column (GE Healthcare Life Sciences). 
4.3.3 Preparation of Ln3+-chelate and biotin conjugates 
In publication I, the Eu3+-chelate was conjugated to either the 3'- or 5'-end of the two 
DNA-aptamers. In all the label conjugations, the isothiocyanate group of the Eu3+-chelate 
reacted with the amino group of the aptamer. In publications II-IV, the Eu3+-chelate was 
similarly conjugated to 2'-/3'-O-(6-aminohexyl-carbamoyl)guanosine-5'-O-triphosphate 
(2'/3'-AHC-GTP) and 8-(6-aminohexylthio)-guanosine-5'-O-triphosphate (8-AHT-GTP) 
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derivatives (BIOLOG Life Science Institute, Bremen, Germany). In publication IV, the 
EZ-link NHS-SS-PEG4-biotin (Thermo Scientific, Pierce Biotechnology, Rockford, IL) 
was conjugated to 2'/3'-AHC-GTP and 8-AHT-GTP. Conjugates were isolated with 
reverse-phase HPLC (Dionex ultimate 3000 LC system from Thermo Scientific, Dionex, 
Sunnyvale, CA) using Ascentis RP-amide C18 column from Sigma-Aldrich, Supelco 
Analytical (St. Louis, MO). All the HPLC isolations were performed using 20 mM 
triethylammonium acetate buffer (TEAA) and an acetonitrile gradient. Conjugates were 
further analyzed with an ion trap mass spectrometer (Esquire HCT, Bruker Daltonik 
GmbH, Germany). In publication IV, the heptadentate Eu3+-chelate was conjugated to 
streptavidin (SA) (BioSpa Division, Milan, Italy) using 60-fold excess of Eu3+-chelate. 
4.4 Assay principles 
In this section, the homogeneous QRET method used in publication I, and the competitive 
QRET method used in publications II-III are introduced. The heterogeneous method used 
in publication IV is also introduced. The TRL-based assay specifications are summarized 
in Table 3. Some additional methods used in publication III are also introduced. 
Table 3. Summary of the QRET assay specifications in the original publications I-IV. 
Original 
Publication 
I II III IV 













Signal reporter Eu3+-VBA or 
Eu3+-FBA 




Quencher Quench V Quench II Quench II - 
 









Reaction volume 50 µl 50 µl 50 µl 60 µl 
Abbreviations: QRET, quenching resonance energy transfer; FP, fluorescence polarization; VBA, 
vascular endothelial growth factor binding aptamer; FBA, fibroblast growth factor binding aptamer; 
GTP, guanosine triphosphate; SA, streptavidin; IgG, immunoglobulin G 
4.4.1 QRET method for growth factor detection 
In publication I, a direct QRET assay for growth factor (GF) detection was constructed by 
using the Eu3+-aptamer/protein interaction inducing Eu3+-chelate protection from soluble 
quencher. The QRET assay method was used to detect VEGF and bFGF, using previously 
selected specific aptamers which was now labeled (Eu3+-VBA and Eu3+-FBA) (Kaur and 
Yung, 2012; Golden, 2000). The assay principle is presented in Figure 11. 
 




Figure 11. The principle of the homogeneous growth factor assay using the quenching resonance 
energy transfer (QRET). In the presence of a specific growth factor, the Eu3+-chelate conjugated to 
aptamer is in close vicinity to the protein surface and high time-resolved luminescence (TRL) signal 
is monitored. In the presence of an unspecific protein or without any target protein, the aptamer 
stays in the solution and the TRL-signal is quenched due to the soluble quencher. Figure is modified 
from publication I. 
The homogeneous GF assay was performed in a buffer based on the aptamer selection 
buffers, 0.11 mM KH2PO4, 0.56 mM Na2HPO4, 15.4 mM NaCl, 0.01% Triton-X 100, 1 
mM MgCl2 (pH 7.4) (Golden, 2000; Kaur and Yung, 2012). In the assay, Eu3+-VBA or 
Eu3+-FBA (0.5-10 nM) and VEGF or bFGF target (0-750 nM) were incubated for 10 min. 
The TRL-signal from Eu3+-aptamer was measured before and after Quench V (1.4-2.3 µM) 
addition. TRL-signal was measured as described in section 4.2.1. In kinetic measurements, 
the Eu3+-aptamer and Quench V were mixed and the increased TRL-signal was monitored 
after GF addition. All fitting functions were performed using Origin 8 software 
(OriginLab, Northampton, MA, USA). Sigmoidal dose response curves were fitted using 
logistic function and kinetics using an exponential decay function. 
4.4.2 QRET technique for GTPase nucleotide exchange detection 
In publications II and III, a single-label QRET assay to monitor nucleotide exchange with 
GTPases was constructed. The GTPase ability to protect bound Eu3+-GTP from soluble 
quencher was used to monitor Eu3+-GTP association and dissociation kinetics with 
different GTPases. All QRET assays in publications II and III were performed using 2'/3'-
GTP-Eu3+. The principle of the assay is presented in Figure 12. 
The homogeneous QRET assay for kinetic analysis of the GTPase nucleotide exchange 
reactions were performed with Quench II and in an optimized buffer, 50 mM Tris (pH 8.0), 
10 mM MgCl2, 3 mg/ml Triton-X 100, 0.1 mg/ml γ-globulins (Martikkala et al., 2011). 
Eu3+-GTP (10 nM), Quench II (22 µM), and GTPase (200 nM Ras or 500 nM RhoA) were 
incubated with slow shaking for 5 min. The quenched TRL-signal was measured as 
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described in section 4.2.1. The GEF (200 nM SOScat or 500 nM Ect2) was added and the 
Eu3+-GTP association induced TRL-signal increase was monitored (1500 s). Eu3+-GTP 
dissociation was monitored from the decreasing TRL-signal (1500 s), occurring after the 
addition of free GTP (100 µM). Before Eu3+-GTP dissociation, Eu3+-GTP (10 nM), 
Quench II (22 µM), GTPase (200 nM Ras or 500 nM Rho), and GEF (200 nM SOScat or 
500 nM Ect2) were incubated together for 20 min. In publication II, the kinetic analysis for 
H-RasWt, H-RasQ61G, K-RasWt, and RhoAWt were performed. In publication III, the kinetic 
analysis for H-RasWt and mutants (R169A/K170A, R161A/R164A, D47A/E49A, 
R128A/R135A, G48R, G48R/D92N) were performed in 1:1 GTPase/GEF ratio (200 nM). 
All fitting functions were performed using an exponential decay function (OriginLab). 
 
Figure 12. The principle of the quenching resonance energy transfer (QRET) assay for monitoring 
the kinetics of the nucleotide exchange reaction. In the presence of the guanine nucleotide exchange 
factor (GEF), the GTPase bound GDP is dissociated enabling Eu3+-GTP association. The Eu3+-GTP 
association increases the time-resolved luminescence (TRL) signal observed. Eu3+-GTP dissociation 
occurs when an excess of GDP (or GTP) is added. After dissociation of the Eu3+-GTP, the Eu3+-
chelate is exposed to soluble quencher and a decreased TRL-signal is observed. 
4.4.3 Cancer associated Ras switch III mutation analysis and nanoclustering 
In publications III, the activity of Ras mutants were studied in effector-recruitment and 
nanoclustering FRET assays (Figure 13) (Abankwa et al., 2008). These assays were 
performed in baby hamster kidney cells using Eugene 6 (Promega, Fitchburg, WI) 
transfection. The mGFP-tagged Ras was used as a control. In the RBD-recruitment FRET 
assay (Figure 13A) and in the nanoclustering FRET assay (Figure 13B), mRFP-C-Raf-
RBD and mCherry-Ras were used as acceptors, respectively. Effector-recruitment and 
nanoclustering were modulated using Gal-1 co-transfections to change the Gal-1 level. 
Fluorescence lifetime was monitored using 48 h growth cells fixed (approximately 60 
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cells) with 4% PFA and mounted with Mowiol 4-88 (Sigma-Aldrich). The fluorescent 
lifetime was monitored using three biological repeats, and with fluorescein (10 µM) as a 
lifetime standard. Ras subcellular colocalization was assured using mCherry-Ras mutants 
and mGFP-RasWt. 
C-Raf-RBD binding to H-Ras was studied using fluorescence anisotropy (Guzmán et al., 
2014). Anisotropy was used to monitor C-Raf-RBD/Ras interaction with Ras mutants. 
Measurements were performed in an assay buffer of 25 mM HEPES (pH 7.2), 100 mM 
NaCl, and 3 mM MgCl2. In the assay, 100 nM mant-GTPγS or 500 nM mant-GDP-loaded 
H-Ras were used. Kd values were determined using a global fitting function (GraphPad 
Prism 6, GraphPad, La Jolla, CA, USA). 
 
Figure 13. Principles of the effector recruitment and nanoclustering assays. (A) Recruitment of the 
effector, Ras binding domain (RBD) from C-Raf, to Ras was monitored with Förster resonance 
energy transfer (FRET) assay. RBD-recruitment to the switch III Ras mutants was monitored using 
FRET between green fluorescent protein (GFP) tagged Ras and red fluorescent protein (RFP) 
tagged RBD. (B) Ras mutants were also studied monitoring the FRET signal occurring due the 
packing of mGFP- and mCherry-tagged Ras proteins in nanoclusters. 
GAP induced GTP hydrolysis was monitored using a GST-RBD pull-down assay and 
Western blotting (Cirstea et al., 2010). The assay was performed in baby hamster kidney 
cells transfected (JetPRIME Polyplus-transfection, NY) with fluorescent Ras fusion-
proteins. Cells were serum-starved for 4 h before 5 min EGF (100 ng/ml) stimulation and 
Ras-GTP level determination using glutathione beads (Thermo Scientific, Pierce). Lysed 
cells were incubated for 30 min (+4 ºC) in Tris (pH 7.5), 100 mM NaCl, 2 mM MgCl2, 1% 
Nonidet-40, 10% glycerol inhibitor cocktail, with or without NF1 (10 µg) and with GST-
RBD coupled glutathione beads. After washing in lysis buffer, western blotting in 15% 
SDS-PAGE was performed using anti-HAtag antibody (Cell Signaling Technology, 
Danvers, MA). 
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4.4.4 GTPase activation cycle detection using GTP-specific Fab fragment  
In publication IV, a heterogeneous assay for GTP was constructed to monitor the GTP 
hydrolysis reaction. The 2A4GTP Fab fragment was selected in this study from ScFvM-
library (Huovinen et al., 2013). The 2A4GTP ability to differentiate between GTP and GDP 
was utilized to monitor 2'/3'-GTP-biotin (or 2'/3'-GTP-Eu3+) hydrolysis in the presence of 
H-Ras, GEF, and GAP. Both 2'/3'-GTP-biotin and 2'/3'-GTP-Eu3+ performs equally in H-
Ras activation/de-activation assays, but Eu3+-SA-biotin-GTP-complex is more highly 
luminescent than Eu3+-GTP in the heterogeneous assay. The principle for heterogeneous 
GTP detection (IV) is presented in Figure 14. Additionally, the principle of the developed 
QRET based homogeneous GTP detection assay is presented in Figure 15. The QRET 
assay also was performed using 2'/3'-GTP-Eu3+ and 2A4GTP Fab fragment. 
 
Figure 14. The principle of the heterogeneous GTP detection assay. (1) In the reaction without 
guanine nucleotide exchange factor (GEF) the Ras cannot be activated and all Eu3+-GTP binds to 
the Fab fragment (2A4GTP) surface created on an anti-mouse IgG 96-plate. With this setup, the high 
time-resolved luminescence (TRL) signal is monitored. (2) In the presence of GEF, part of the Eu3+-
GTP is associated to Ras and part can bind to the 2A4GTP surface, producing a moderate TRL-signal 
after the separation step. (3) In the GTP hydrolysis assay, GEF and GTPase activating protein 
(GAP) enables a multiple turnaround GTP hydrolysis cycle. In the hydrolysis, the Eu3+-GTP is 
cleaved producing Eu3+-GDP and inorganic phosphate (Pi). These compounds cannot bind to the 
2A4GTP Fab fragment surface. If GTP hydrolysis occurs, no TRL-signal is monitored because no 
Eu3+-GTP is present. Instead of Eu3+-GTP, biotin-GTP and Eu3+-streptavidin can be used.  
The heterogeneous assay in publication IV, was performed in the two same buffers used in 
publications II, III (Martikkala et al., 2011). In the first step, the GTPase hydrolysis 
reaction was performed in a separate tube. In the second step, the hydrolysis reaction 
mixture was introduced to the 2A4GTP surface (3.0 µg/ml) created in anti-mouse IgG 96-
plates (Kaivogen, Turku, Finland). After separation step, the TRL-signal from Eu3+-SA-
biotin-GTP-complex or Eu3+-GTP was measured as described in section 4.2.1. In the 
GTPase hydrolysis step, biotin-GTP or Eu3+-GTP (15-100 nM), H-RasWt or H-RasQ61G (1.2 
µM), SOScat (250 nM), and p120GAP (0-170 µM) or NF-1 (0-6.5 µM) were incubated 0-
120 min. GDP (8 µM) was added to stop the hydrolysis reaction (optional step). The 
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GTPase hydrolysis reactions were added in 2A4GTP surface together with Eu3+-SA (15-65 
nM, only when biotin-GTP), and reactions were incubated for 30 min. The TRL-signal was 
monitored after the separation step. Sigmoidal dose response curves were fitted using 
logistic function and kinetics using exponential decay function (OriginLab). 
In publication IV, ScFvM-library screening using phage display was performed to find a 
GTP-specific antibody (Huovinen et al., 2013). Additionally, the heterogeneous GTP 
detection platform using 2A4GTP Fab fragment has been converted to enable homogeneous 
GTP detection using the QRET technique. The principle of the developed homogeneous 
GTP detection platform and its ability to monitor GTP hydrolysis and hydrolysis inhibition 
is depicted in Figure 15. 
 
Figure 15. The principle of the competitive antibody based quenching resonance energy transfer 
(QRET) for homogeneous GTP detection. In the presence of GTPase, guanine nucleotide exchange 
factor (GEF), and GTPase-activating protein (GAP) the unlabeled GTP is hydrolyzed and the Eu3+-
GTP reporter can bind to the 2A4GTP. Fab fragment bound Eu3+-GTP is protected from quenching. 
When GTP hydrolysis is disturbed in the presence of an inhibitor, the GTP cannot be hydrolyzed 
and it binds to 2A4GTP preventing Eu3+-GTP binding. In solution, Eu3+-GTP is exposed it to 
quencher and low time-resolved luminescence signal is monitored. 
Homogeneous assay to monitor GTP was performed using two stepped competitive 
homogeneous protocol, where Eu3+-GTP-2A4GTP based detection was performed after GTP 
hydrolysis in coupled enzymatic reaction (H-Ras, SOScat, p120GAP). Two stepped 
protocol was selected to protect 2'/3'-GTP-Eu3+ from unwanted hydrolysis. In the QRET 
assay, high TRL-signal is monitored when GTP is efficiently hydrolysed, and cannot 
compete with Eu3+-GTP-2A4GTP-complex. However, when the inhibitor molecule blocks 
either GEF catalyzed nucleotide exchange or GAP induced GTP hydrolysis, GTP stays 
unhydrolysed can bind to 2A4GTP. When 2A4GTP is blocked by free GTP, low TRL-signal 
is monitored because Eu3+-GTP form complex with the soluble quencher.
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5 RESULTS AND DISCUSSION 
In this chapter, a brief summary of results and discussion is presented with some additional 
information. A detailed description of results and discussion employed in this study can be 
found in publications I-IV.  
5.1 Homogeneous QRET technique for kinetic reaction monitoring 
5.1.1 QRET technique (I) 
There has been an increased interest towards Ln3+-chelates due to their advantageous 
properties, e.g. long emission lifetime and sharp emission and excitation peaks. These 
properties enable sensitive TRL-signal detection even in a complex matrix. Regardless of 
the advantages of the Ln3+-chelates, homogeneous assays often rely on TR-LRET. In 
publication I, the direct QRET assay for VEGF and bFGF was constructed using Eu3+-
aptamers. The Eu3+-chelate was conjugated at either the 3'- or 5'-end of the DNA-aptamer, 
which can then work both as a binding (aptamer) and signaling (Ln3+-chelate) molecule. 
The signal difference between target bound and unbound Eu3+-aptamer is created with 
soluble quencher molecule. 
 
Figure 16. The QRET assay calibration curves for two human growth factors (GFs). The signal-to-
background ratios in the QRET assay at increasing basic fibroblast growth factor (bFGF) (A) and 
vascular endothelial growth factor (VEGF) (B) concentration. Assays were performed using 10 nM 
Eu3+-aptamers, 0-750 nM GFs, and 2.3 µM Quench IV. The results are shown as means ± SD of 
four replicates. Figure is modified from publication I. 
In the QRET format, a higher analyte concentration produces a more intense TRL-signal. 
The linear ranges with 2 nM Eu3+-aptamer for the VEGF and bFGF were 0.5-10 nM and 1-
50 nM, respectively. The limit-of-detections (LOD) were 238 pM and 725 pM for VEGF 
and bFGF, respectively. Similarly the S/B ratios were 6.7 and 62 for VEGF and bFGF, 
respectively. Regardless of that the assay buffer was totally optimized for VEGF, the bFGF 
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assay produced higher S/B ratio but lower LOD than VEGF. In the assay, the TRL-signal 
from unbound Eu3+-aptamer was quenched, which enables an increase of the dynamic 
range by increasing the aptamer concentration without sacrificing the LOD. The linear 
range, LOD, and S/B ratio with 10 nM Eu3+-VBA was 0.5-25 nM, 450 pM, and 13.1, 
respectively (Figure 16A). With Eu3+-FBA, the linearity, LOD, and S/B were 2.5-100 nM, 
998 pM, and 278, respectively (Figure 16B). The method also enables the GF detection 
from diluted serum. The ability to monitor PPIs was also proved by monitoring growth 
factor interaction with heparin (Ki 0.17 ± 0.14 nM). 
 
Figure 17. Luminescently labeled basic fibroblast growth factor binding aptamer (Eu3+-FBA) 
interaction kinetics. The Eu3+-FBA binding kinetics was monitored using 10 nM Eu3+-FBA, 25 nM 
bFGF (black), and 2.3 µM Quench IV using the non-competitive QRET assay. Control reaction was 
performed without bFGF (grey). The results are shown as signals from four measurements using 
nine second measurement interval after a 18 s lag phase. Figure is modified from publication I. 
End-point detection strategy has been used in all previous QRET assays. When the 
quencher is added before the target molecule, the kinetics of the aptamer-target interaction 
could be monitored (Figure 17). However, in the case of aptamers the interaction kinetics 
is too fast for the TRL-device to be monitored reliably (estimated kon rate of 1.35*10-3 M-1 
s-1). The assay underlines the possibility to monitor enzyme reaction kinetics, for example. 
The real-time detection method also enables a reduction of the overall detection time from 
20 min to ≥ 3 min. The luminescence lifetime for the Ln3+-chelate is traditionally the in 
millisecond range, enabling time-gated measurement. The luminescence lifetime 
monitored for the Eu3+-aptamer was reduced from 1.38 ms to nearly zero when the 
quencher molecule was introduced (Figure 18A). When Eu3+-FBA is bound to FGF, two 
luminescence lifetimes for the quenched and for the protected Eu3+-aptamer populations 
were monitored. Not all Eu3+-FBA was bound to bFGF and thus the quenched population 
was monitored. The Eu3+-FBA/bFGF-complex formation increases the luminescence 
lifetime to 0.58 ms, thus enabling the TRL detection. The quencher has no effect on the 
shape of the luminescence spectra monitored (Figure 18B). 




Figure 18. Normalized luminescence lifetime and emission spectra's for Eu3+-aptamer. (A) 
Luminescence lifetimes for aptamer-Eu3+ in the presence of Quench V (light grey), protected bFGF-
aptamer-Eu3+-complex in Quench V solution (black), and for protected aptamer-Eu3+ without 
quencher (dark grey). (B) The emission spectra's for Quench V (dashed dot), protected bFGF-
aptamer-Eu3+-complex in Quench V solution (grey), and for bFGF-aptamer-Eu3+-complex without 
quencher (black). Figure is modified from publication I. 
 
In publication I, a direct non-competitive QRET assay was used to quantify growth factors 
using single Ln3+-chelate conjugated DNA-aptamer. This assay was used not only for 
growth factor quantification but also to study the QRET signaling. QRET is known to 
enable robust assays with cells and cell membrane, but the performance in plasma or serum 
was previously unknown (Härmä et al., 2009). In the assay, quencher molecules were 
found to be the limiting component. Unspecific interaction between plasma/serum proteins 
and quencher molecule weaken the sensitivity of the assay. We can conclude that with 
current quencher molecules the QRET assay is not applicable for clinical testing. This was 
even the Eu3+-FBA showed exceptional Ln3+-chelate protection when bound to bFGF. 
Approximately 50% of the TRL-signal monitored before quencher addition could be 
observed after Eu3+-FBA/bFGF-complex formation in the presence of quencher. This 
enabled, for the first time, reliable luminescence lifetime monitoring for Eu3+-FBA in the 
QRET assay (Fig. 18). The most crucial observation, however, was that quencher molecule 
do not interfere Eu3+-aptamer interaction with the target protein. This enables monitoring 
of reaction kinetics, which is highly important when for example enzymatic reactions are 
studied. Until now, QRET reaction has been performed only by using endpoint reaction 
monitoring (Kopra and Härmä, 2015). In publication I, the possibility to monitor binding 
kinetics was proved by adding the soluble quencher before reaction initiation. These 
observations from publication I was vital for the further development of the QRET assay. 
5.1.2 The kinetic determination of GTPase nucleotide exchange reaction (II) 
GTPases works as intracellular molecular switches regulating cellular processes (Colicelli, 
2004). Current methods for GTPase research are based on luminescent nucleotide analogs. 
The QRET technique with sensitive Ln3+-chelate based detection provides a novel tool for 
GTPase research (Martikkala et al., 2011). To enable kinetic monitoring of the GTPase 
reaction, a new 2'/3'-GTP-Eu3+ molecule was constructed (publication II). In addition, the 
assay protocol was modified based on the observations in publication I. In publication II, a 
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homogeneous QRET assay for Eu3+-GTP association and dissociation monitoring was 
constructed. The assay was constructed based on the knowledge from publication I and the 
previous GTPase assay (Martikkala et al., 2011). In this study, the nucleotide exchange 
kinetics was monitored for H-RasWt, H-RasQ61G, K-RasWt, and RhoAWt. Both GTP 
association and dissociation were monitored in the presence of a specific GEF molecule 
(SOScat for Ras and Ect2 for Rho) (Figure 19). Also GEF independent Eu3+-GTP 
association with H-RasWt was monitored, using Mg2+/EDTA-chelation strategy. The 
nucleotide association and dissociation rate monitored using the QRET technique, were in 
the order K-RasWt > H-RasWt > H-RasQ61G > RhoAWt. The kon for H-RasWt with 
Mg2+/EDTA-chelation was 4.04*105 M-1s-1, which is nearly identical for the kon 3.76*105 
M-1s-1 in GEF dependent assay. The kon value was in accordance with the literature value 
(John, et al., 1990). The Kd values calculated based on association (kon) and dissociation 
(koff) monitored for K-RasWt, H-RasWt, H-RasQ61G, and RhoAWt were 6.0 ± 0.3 nM, 9.1 ± 
0.4 nM, 14.7 ± 0.5 nM, and 12.5 ± 0.9 nM, respectively. All assays were performed using 
nanomolar protein and nucleotide concentrations. 
 
Figure 19. The guanine nucleotide exchange factor (GEF) induced Eu3+-GTP association kinetics 
with different GTPases. The association kinetics for 10 nM Eu3+-GTP using 22 µM Quench II, 200 
nM H-RasWt (A), H-RasQ61G (B), K-RasWt (C), with (black) or without (gray) 200 nM GEF, 
respectively. The RhoAWt (D) association kinetics was determined with 500 nM Ect2cat and 500 nM 
RhoAWt. Dots represent data points obtained from individual reactions, measured on three different 
days. Altogether 360 individual data points during 1500 s was monitored. Figure is modified from 
publication II. 




Figure 20. Peptide based blocking of the SOScat catalyzed Eu3+-GTP association with H-RasWt. The 
inhibition of SOScat (200 nM) catalyzed Eu3+-GTP (10 nM) association to H-RasWt (200 nM) was 
performed using 0 µM (solid), 5 µM (dashed), 50 µM (dashed dot) or 500 µM (dotted) SOS980-989 
peptide. The control reaction was performed with 500 µM SOS980-989, but without SOScat (long 
dashed). The results are shown as means ± SD of triplicate reactions during 0-1800 s. Figure is 
modified from publication II. 
The signal change in the QRET assay progressed over a time scale of minutes, compared 
to a time scale of seconds in stopped-flow measurements. Thus only slow nucleotide 
exchange kinetics can be monitored. Already the use of TRL-signal detection precludes the 
measurement of fast kinetics. On the other hand, the assay allows the monitoring of 
exchange kinetics in a HTS compatible 384-well plate format using a standard TRL-plate 
reader. The robust QRET technique could serve as a method of choice for efficient small 
molecule inhibitor screening. As proof-of-principle inhibitor screening is demonstrated in 
Figure 20, using a peptide fraction from the SOScat protein (SOS980-989). Both inhibition 
data and robust kinetic data can be generated simultaneously using 1:1 H-Ras/SOScat ratio. 
The QRET assay developed in publication II is one of the most sensitive homogeneous 
assays to monitor GTPase nucleotide exchange kinetics known. The QRET assay provides 
a multifunctional platform to monitor nucleotide exchange kinetics (slow), perform 
mutation analysis (III), and to select potential inhibitors (unpublished). Most of the current 
luminescence based nucleotide exchange assays are performed in cuvette using high 
protein concentrations and reaction volumes (around 500 µl) (Eberth and Ahmadian, 
2009). The throughput of these assays is highly limited, when compared to the developed 
QRET assay, which can be performed in a 384-well plate using nanomolar protein 
amounts in 50 µl or even 10 µl reaction volumes. Thus the protein consumption can be 
decreased by up to 250-fold compared to a conventional mant-label based assay (Eberth 
and Ahmadian, 2009). The QRET system can be used at least with Ras- and RhoGTPases 
to select potential inhibitors affecting the nucleotide exchange. No changes are needed 
when the assay is used for screening or kinetic measurements with GTPases. 
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5.2 Functional assays for GTPase cycle monitoring 
5.2.1 Structural and functional analysis of H-Ras mutation (III) 
GTPases are frequently mutated in cancer and other diseases, which makes them attractive 
drug targets (Karnoub and Weinberg, 2008). Until now, cancer related mutations in Ras 
have been linked to three loci, Gly12, Gly13, and Gln61 at P-loop, and II regions (Prior et 
al., 2012). In publication III, the role of nanoclustering in Ras signaling was studied. 
Clustering associated mutations at a novel switch III region, and conformer stabilizing 
elements (α4 and hypervariable region (hvr)) were also characterized (Figure 21).  
 
Figure 21. Schematic representation of the linear Ras structure. Critical functional regions for Ras 
structure are annotated in linear protein structures. Mutational hotspot codons (G12, G13, and Q61) 
in P-loop and switch II region are marked as triangles. Here studied H-Ras mutations in switch III 
region and in stabilizing elements are marked in boxes. Figure is modified from publication III. 
In publication III, the first examples of Ras nanoclustering as a cancer driven feature were 
presented. The mutations studied in the Ras structure were located in the switch III region 
(β2-β3-loop and helix α5) and the conformer stabilizing element (helix α4 and hvr) (Figure 
21). The effect of different mutations was studied with purified proteins and in cells with 
different Ras subfamilies. Mutant Ras activity was studied using an effector-recruitment 
FRET assay in mammalian cells and using the homogeneous QRET technique in solution. 
A few of the studied single- and double-mutants showed significantly increased 
nanoclustering and increased H-Ras activity. Mutants G48R and G48R/D92N revealed 
unaltered GTP binding affinity and GAP-induced GTP hydrolysis, but increase in Gal-1 
dependent nanoclustering and RBD recruitment was monitored (Table 4). Mutants 
G48R/D92N, but not G48R, also showed minor increased SOS-mediated activation. On 
the other hand, some of the activating mutants could be neutralized by the inactivating 
mutations. The same observations were found with mutated H-Ras, N-Ras, and K-Ras. In 
all cases, the mutations did not alter the subcellular distribution of Ras or their GTP 
affinity. Also, in case of all Ras, increased clustering was followed by higher effector 
recruitment. Due to clustering, Ras activity was found to be increased 2-3-fold. 
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Table 4. Summarized differences in guanine-nucleotide exchange factor dependent nucleotide 
exchange, GTP dissociation constant, and effector binding between H-Ras mutants. Table is 





















Wt 1.00 ± 0.04 1.00 ± 0.04 1.00 ± 0.05 1.00 ± 0.13 1.00 ± 0.18 
 
R169A/K170A 0.89 ± 0.04 1.32 ± 0.05 1.48 ± 0.08 0.20 ± 0.03 0.79 ± 0.16 
 
R128A/R135A 1.05 ± 0.04 1.38 ± 0.04 1.32 ± 0.07 0.10 ± 0.02 1.10 ± 0.22 
 
G48R 1.00 ± 0.04 0.91 ± 0.03 0.91 ± 0.05 1.21 ± 0.14 1.28 ± 0.24 
 
R161A/R164A 0.67 ± 0.02 0.19 ± 0.02 0.28 ± 0.03 3.73 ± 0.52 0.89 ± 0.16 
 
D47A/E49A 1.14 ± 0.06 0.41 ± 0.04 0.36 ± 0.04 4.13 ± 0.65 1.53 ± 0.30 
 
G48R/D92N 0.89 ± 0.03 0.65 ± 0.03 0.73 ± 0.04 2.12 ± 0.30 0.98 ± 0.23 
Abbreviations: kon, association kinetics; GEF, guanine-nucleotide exchange factor; koff, 
dissociation kinetics; Kd, dissociation constant; EDTA, ethylenediaminetetraacetic acid; RBD Ras-
binding domain. 
Mutation frequency in orientation-switch III region and conformer stabilizing elements 
were studied by running a database search using H-Ras, N-Ras, and K-Ras. Three public 
cancer databases (COSMIC, cBio, and ICGC) were used, and in these databases 
approximately 10% of unique mutations occur in the regions studied. In the case of all the 
Ras subfamilies, the highest number of cancer associated mutations was found in 
colorectal cancer. Mutations in switch III were also found in several Rasopathies. 
Hotspot mutations (G12, G13, and Q61) have a high impact on Ras activity, and these 
mutations are frequently linked in cancer. Recently described switch III-mutations have a 
lower Ras activation capability and frequency in cancer than hotspot mutants, but they 
have major impact to nanoclustering and effector recruitment. This new mechanism of 
activation showed the importance of the Ras conformation in the membrane. These 
findings could be important when novel drugs to block Ras over-activity are selected. 
Nanoclustering could have significance not only in the case of Ras signaling, but also as a 
more general regulator with a multitude of membrane anchored signaling proteins. 
5.2.2 Heterogeneous GTPase activation cycle monitoring (IV) 
Hydrolysis is one of the basic reactions involved in cell energy metabolism and 
intracellular signaling. GTPases work as intracellular molecular switches and the GAP 
induced GTP hydrolysis causes the GTPase transition from active state to inactive state. In 
this reaction, the γ-phosphate of the GTP is hydrolyzed forming GDP and Pi. These 
molecules are used in conventional methods to monitor GTP hydrolysis. These methods 
suffer problems caused by the lack of specificity. All Pi sensing methods are sensitive for 
all free Pi. GDP detection methods, on the other hand, are only diphosphate specific. 




Figure 22. Heterogeneous competitive nucleotide binding assays. Competitive 2A4GTP Fab 
fragment specificity assay using biotin-GTP/streptavidin-Eu3+-complex based TRL-signaling and 
GTP (solid), GDP (dashed), ATP (dashed dot), and CTP (dotted) competition. Nucleotides were 
titrated from 0 to 100 mM, and the results are shown as means ± SD of triplicates. 
The heterogeneous assay was performed with H-Ras (H-RasWt and H-RasQ61G) and two 
GAP proteins (p120GAP and NF-1). The half maximal effective concentration (EC50) 
values (concentration giving 50% of the maximum effect) for p120GAP were 0.27 ± 0.03 
µM and 9.90 ± 0.91 µM for H-RasWt and H-RasQ61G, respectively. The EC50 values for H-
RasWt and H-RasQ61G with NF-1 were 35.83 ± 7.28 nM and 77.89 ± 37.52 nM, respectively. 
H-RasQ61 is one of the three most frequent mutations in mammalian Ras, and the mutant 
reduces binding to GEF and GAP (Der et al., 1986; Ford et al., 2006; Prior et al., 2012). 
Previous finding with H-RasQ61G were in accordance with the results found with p120GAP, 
but not totally with NF-1. The difference could be due to 2'/3'-GTP-biotin (or 2'/3'-GTP-
Eu3+) used as a hydrolysable substrate. Also NF-1 has a higher affinity to H-Ras than 
p120GAP, which can partly cause the observed effect (Figure 23).  
 
Figure 23. GTPase activating protein (GAP) induced GTP hydrolysis and spontaneous hydrolysis 
rates. The hydrolysis of 100 nM biotin-GTP was monitored in the presence of p120GAP (dashed 
dot), NF-1 (dot), and without GAP (solid). Individual reactions were stopped in certain time points 
during 120 min incubation by addition of 8 µM GDP and ice. The detection was performed with  
plate conjugated 2A4GTP Fab fragment. The results are shown as means ± SD of triplicates. Figure is 
modified from publication IV. 
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Heterogeneous assays are advantageous when an efficient separation step is needed. 
However, for the same reason part of the assay information and materials are wasted. 
Homogeneous assays usually consume less material and can monitor reactions in a real-
time or nearly real-time fashion. To provide a homogeneous platform to monitor the 
GTPase cycle, GTP detection using a 2A4GTP and the QRET technique was developed. In 
the competitive QRET assay using 500 nM GTP and 5 nM 2'/3'-GTP-Eu3+, S/B ratio of 
approximately 6 was monitored in the presence of 7 nM 2A4GTP Fab fragment and 2.5 µM 
Quench III (Figure 24). This proves that it is possible to monitor the GTPase cycle in a 
homogeneous assay format, using competitive GTP monitoring. The assay is applicable for 
assays in 384-well plate and it can be used for HTS-type inhibitor screening (unpublished). 
 
Figure 24. Homogeneous QRET assay for GTP detection with different quenchers. Three 
quenchers, Quench II (5.0 µM), Quench III (2.5 µM), and Quench IV (2.7 µM) were tested in the 
QRET assay. The GTP detection (0 nM or 500 nM) was performed in the presence of 2'/3'-GTP-
Eu3+ (5 nM) and 2A4GTP Fab fragment (7 nM). The results are shown as means ± SD of triplicates. 
 
Currently the methods used to study GTP hydrolysis are based on the detection of the 
hydrolysis products or GTP/GDP ratio. Compared to these methods, the introduced GTP 
monitoring platform can be used with similar protein concentrations, but with less possible 
interference from the matrix compound, e.g. free Pi. Unfortunately, the introduced GTP 
monitoring method is heterogeneous, and thus real-time monitoring cannot be performed. 
However, Fab fragment based method can be converted to enable homogeneous GTP 
detection using the QRET technique. A homogeneous assay improves the usefulness of the 
GTP detection platform, enabling assays which are less material- and time-consuming. 
More importantly the assay can be performed using competitive assay format in which 
unlabeled GTP is used as a hydrolyzed substrate. The homogeneous QRET method is HTS 
compatible and enables inhibitor screening to block either GTPase activation or GTP 
hydrolysis. However, the properties of the 2A4GTP Fab fragment are not fully known, and 
the suitability for different assay conditions needs to be further studied. Potentially, the 
2A4GTP can be used to monitor GTP concentration not only with purified proteins but also 
with membrane G proteins. There are no known GTP detection assays and the 2A4GTP 
based platform thus gives a unique possibility to monitor GTP related reactions. 
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6 SUMMARY AND CONCLUSIONS 
Although GTPases have been under focus of intensive investigation over the past decades, 
there are still many open questions about the exact working mechanism of the GTPases 
and their importance as druggable targets. Problems with inhibitor screening are mostly 
due to limitations in assay methodologies, as well as the small differences in GTPase 
working mechanisms between subfamilies. GTPase assays can be divided into cell based 
and in vitro assays performed with purified proteins. The use of purified proteins simplifies 
the assay protocol and interpretation of the results, but the GTPase working mechanism is 
also simplified. There are a wide range of known or proposed molecules which can interact 
with GTPases. However, the final confirmation about the exact influence of these 
molecules is still under debate and awaiting more advanced research tools. 
In this study, a range of different TRL-based assays were constructed. TRL detection 
enables the elimination of assay matrix-induced short-term autoluminescence. In all 
assays, Eu3+-chelate was used as a signaling donor and in publications I-III, the 
homogeneous QRET technique was used. With the exception of publication I, all original 
publications were GTPase related, introducing methods to study GTPase activation/de-
activation cycle. Homogeneous assays format together with a single reporter platform, 
enables development of sensitive methods with low material consumption. In this study, 
novel QRET technique was developed to enable kinetic measurement (I). This ability was 
then utilized to study nucleotide exchange (II, III) for GTPases. Additionally, GTP-
specific Fab fragment was selected using phage display technique. This Fab fragment was 
then used to study RasGTPases in a heterogeneous assay format (IV). GTP monitoring in 
homogeneous QRET format was also studied. Assay to study either GTPase activation or 
de-activation are applicable for HTS-type small molecule inhibitor screening.   
The main conclusions based on the original publications are: 
I Only very few single-label based assay techniques has been developed. The 
homogeneous QRET technique has been previously utilized only in competitive 
endpoint assays. In this article, we proved that the technique enables non-
competitive protein detection. The QRET method is based on differences in Ln3+-
chelate interaction with soluble quencher. For the first time, quenching induced 
effect to luminescence lifetime could be monitored due the strong protective effect 
during Eu3+-FBA-bFGF interaction. In the QRET assay, Ln3+-aptamers can serve 
both as binding and recognition elements. This property could enable assay 
development to detect any target with a known aptamer. Most importantly, single-
step assay platform, where also quencher is present throughout the reaction, 
enables kinetic reaction monitoring which is now demonstrated for the first time.  
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II GTPase research suffers from the need of large amounts of purified proteins, due 
to lack of efficient research tools. In this article, the potential of the QRET 
technique to use low nanomolar protein concentrations was combined with the 
ability to measure reaction kinetics. The Eu3+-GTP reporter provides a strong and 
robust TRL-signal, which was utilized to monitor nucleotide exchange reactions 
with Ras- and RhoGTPases. The developed platform enables kinetic monitoring 
for both GTP association and dissociation. The assay can be used with different 
GTPases without complicated optimization, only by adjusting the Eu3+-GTP and 
protein concentrations. QRET provides a higher S/B ratio with 10- to 100-fold 
lower protein concentrations than method using environment-sensitive labels. A 
HTS compatible assay was performed in a 384-well plate, which is especially 
important when used to perform large assay panels, e.g. inhibitor screening. 
III Single point mutations in RasGTPases are very common in different type of 
cancers and developmental disorders. So far, most of the effort has been to study 
so called hotspot mutations and their effects to cancer. We have now shown that 
the switch III region has a major effect on Ras nanoclustering and effector 
recruitment. We have shown, for the first time, examples of disease associated Ras 
mutations with altered nanoclustering features. Mechanistically uncharacterized 
Ras mutants were studied using biochemical, bioinformatical, and cell-biophysical 
methods to reveal the importance of nanoclustering. 
IV GTPases work as molecular switches shifting between active and inactive 
conformation. To study the whole GTPase cycle, assays for both GEF dependent 
GTP association and GAP catalyzed GTP hydrolysis are needed. Currently, both 
reactions are monitored using different assays. Here we selected a GTP-specific 
Fab fragment from a large phage display library. For the first time, an antibody 
fragment specific to GTP was selected. This unique Fab fragment has over 100-
fold higher affinity to GTP over its closest relatives GDP, ATP or CTP. Using this 
Fab, we have developed a heterogeneous detection method that enables both 
nucleotide association and GTP hydrolysis detection. For the first time, GTP 
concentration was directly used to monitor GTP hydrolysis. 
The QRET technology has quickly evolved from a screening tool to functional 
bioanalytical technique. The method can be customized in a multitude of different type of 
assays. To enable efficient GTPase regulator and effector molecule research, fast, simple, 
and robust methods are needed. The need for large amounts of purified proteins makes 
GTPase research with the current methods and especially screening type of assays, 
expensive. New HTS compatible techniques are especially of high importance. The 
advances in the TRL monitoring and the QRET technology hold high promise to fulfill 
these requirements in GTPase research. The presented panel of GTPase assays covers the 





This thesis was carried out at the Department of Cell Biology and Anatomy, University of 
Turku, in the year 2012-2015. Financial support from the Academy of Finland, FP7 
Collaborative Project, and the National Doctoral Program in Informational and Structural 
Biology (ISB) is gratefully acknowledged. 
I especially want to express my sincere gratitude to my principle supervisor Docent Harri 
Härmä for guidance during this thesis and for his valuable advices. My supervisor has 
offered me encouragement and support in research challenges, but also gived me the 
opportunity to grow as an independent researcher. I also wish to thank Professor Pekka 
Hänninen and also Professor Juha Peltonen for giving me the opportunity to carry out my 
PhD studies at the Department of Cell Biology and Anatomy. I enjoyed my time in the 
Laboratory of Biophysics were most of the work was done. Even not all things are gone as 
planned and research projects have been stuck sometimes for months, I have always got 
gentle push from my supervisors to go forward. My deepest gratitude goes also to Doctor 
Stefan Veltel and Doctor Jonne Laurila for their contribution in my thesis supervisory 
committee. They have provided me material to study GTPases and membrane G proteins 
and tried to answer my questions about why isn’t this assay working. 
I wish to thank my esteemed pre-examiners, Jussi Koivunen and Petri Saviranta. I am 
grateful for their valuable scientific comments and advices. These comment helped me to 
improve my thesis significantly, especially because they have different field of expertise, 
which was clearly seen from their comments. I am also grateful to Robert Moulder from 
BTK who checked the English language and the scientific writing style of the thesis. 
I express my deepest gratitude to all my co-authors for their vital role in this thesis. 
Markku Syrjänpää, Anita Rozwandowicz-Jansen, Alessio Ligabue (BTK), Olga Blaževitš 
(BTK), and Arjan van Adrichhem (FIMM) have conducted valuable experiments in the 
lab, providing me the materials for my studies. I am extremely grateful to Doctor Daniel 
Abankwa who has tried to teach me how GTPase community works and writes. He has 
been important part regarding the publications II-IV. Furthermore, I want to thank 
Professor Urpo Lamminmäki to providing me the possibility to use the phage display 
library constructed at the Department of Biotechnology and used in the publication IV. 
All the personnel of Laboratory of Biophysics should also be acknowledged. I have had 
nice few years and the atmosphere has always been friendly and supportive. Also I wish to 
acknowledge the personel in Madisiina third floor were I have had now pleasant six 
months. I acknowledge all the technical staff in Medicity and Anacity research 
laboratories, Department of Biotecnology, and in Medisiina. I wish express my warmest 




thank Professor Tero Soukka, Doctor Henna Päkkilä and Sami Blom from Department of 
Biotechnology and FIMM. These peoples gave me the spark to science. 
Of course, I want to thank our 10.30 lunch group and its present and former members. 
Lunch with close friends is the most important part of the day, bringing light to also 
unsuccessful days which are predominant in science. Interesting everyday conversations 
with core group, Riikka, Etvi, Juho, Markku (only current member), Veikko, and Nina 
have been very instructive and most importantly not always so work related. 
Also all the friends I have make during the nearly ten years in the University needs to be 
acknowledged. You have helped me a lot to find my way in science but also in real life. 
Especially important peoples are the badminton boys, Erno, Ville, Juho, Eero, Markku, 
Risto, Jasu, and Jooseppi. Playing every week (almost) has been the tradition for many 
years. The playing itself has not always been so active and some people have found their 
way to play more often than others, but overall these moments have been great. Also with 
these people the badminton has not been the only activity, which sometimes can be seen 
from the level of the play. 
I express my deepest gratitude to my close relatives. My parents, Erkki and Marja-Terttu, 
have tried their best to understand what I am doing and I have tried to explain. During 
these conversations I have started to understand also myself what I am doing and why. I 
want also thank my sisters, Tiina and Sari, because I followed them to University of Turku. 
Without them I could have end up in Tampere and who knows become Master of 
engineering or something. 
Most of all, I want to thank my family, my partner Ona and our two dogs Edi and Iines. 
Ona, you have been extremely loving and supportive. You have read and corrected my 
English grammar multiple times even for you all my texts look the same. You have said 
that ''you really need to like what you are doing, because you can handle all the failures''. I 
really want to thank you for all the encouragement you have given to me. My deepest 
gratitude goes also to our two small and lovely Giant Schnauzers. They have given me a 
lot of joy and helped me to relax albeit sometimes their ''help'' has not been so helpful. 
Overall, they have given me good ideas during the long walks in the forest. When you are 
wondering around in the forest without clear direction you might end up solving difficult 
scientific problems. During this project we have moved to the Rusko countryside, bought a 
house and so on. This all has been important for me, and I want to thank Ona to following 







Abankwa, D. and Vogel, H. (2007) A FRET map of membrane anchors suggests distinct 
microdomains of heterotrimeric G proteins. J Cell Sci 120:2953-2962. 
Abankwa, D., Hanzal-Bayer, M., Ariotti, N., Plowman, S.J., Gorfe, A.A., Parton, R.G., 
McCammon, A. and Handcock, J.F. (2008) A novel switch region regulates H-ras membrane 
orientation and signal output. EMBO J 27:727-735. 
Abe, H., Kamai, T., Shirataki, H., Oyama, T., Arai, K. and Yoshida, K. (2008) High expression of 
Ran GTPase is associated with local invasion and metastasis of human clear cell renal cell 
carcinoma. Int J Cancer 122:2391-2397. 
Ahmadian, M.R., Hoffmann, U., Goody, R.S. and Wittinghofer, A. (1997a) Individual rate 
constants for the interaction of Ras proteins with GTPase-activating proteins determined by 
fluorescence spectroscopy. Biochemistry 36:4535-4541. 
Ahmadian, M.R., Kiel, C., Stege, P. and Scheffzek, K. (2003) Structural fingerprints of the Ras-
GTPase activating proteins neurofibromin and p120GAP. J Mol Biol 329:699-710. 
Ahmadian, M.R., Stege, P., Scheffzek, K. and Wittinghofer, A. (1997b) Confirmation of the 
arginine-finger hypothesis for the GAP-stimulated GTP-hydrolysis reaction of Ras. Nat 
Struct Biol 4:686-689. 
Ahmadian, M.R., Zor, T., Vogt, D., Kabsch, W., Selinger, Z., Wittinghofer, A. and Scheffzek, K. 
(1999) Guanosine triphosphatase stimulation of oncogenic Ras mutants. Proc Natl Acad Sci 
USA 96:7065-7070. 
Allin, C., Ahmadian, M.R., Wittinghofer, A. and Gerwert, K. (2001) Monitoring the GAP catalyzed 
H-Ras GTPase reaction at atomic resolution in real time. Proc Natl Acad Sci USA 98:7754-
7759. 
Antonny, B., Beraud-Dufour, S., Chardin, P. and Chabre, M. (1997) N-terminal hydrophobic 
residues of the G-protein ADP-ribosylation factor-1 insert into membrane phospholipids 
upon GDP to GTP exchange. Biochemistry 36:4675-4684. 
Antonny, B., Chardin, P., Roux, M. and Chabre, M. (1991) GTP hydrolysis mechanisms in ras p21 
and in the ras-GAP complex studied by fluorescence measurements on tryptophan mutants. 
Biochemistry 30:8287-8295. 
Aoki, K. and Matsuda, M. (2009) Visualization of small GTPase activity with fluorescence 
resonance energy transfer-based biosensors. Nat Protoc 4:1623-1631. 
Aoki, K., Kamioka, Y. and Matsuda, M. (2013) Fluorescence resonance energy transfer imaging of 
cell signaling from in vitro to in vivo: Basis of biosensor construction, live imaging, and 
image processing. Develop Growth Differ 55:515-522. 
Aoki, K., Komatsu, N., Hirata, E., Kamioka, Y. and Matsuda, M. (2012) Stable expression of FRET 
biosensors: A new light in cancer research. Cancer Sci 103:614-619. 
Aoki, Y., Niihori, T., Narumi, Y., Kure, S. and Matsubara, Y. (2008) The RAS/MAPK syndromes: 
novel roles of the RAS pathway in human genetic disorders. Hum Mutat 29:992-1006. 
Aronheim, A. (1997) Improved efficiency sos recruitment system: expression of the mammalian 
GAP reduces isolation of Ras GTPase false positives. Nucleic Acids Res 25:3373-3374. 
Augsten, M., Pusch, R., Biskup, C., Rennert, K., Wittig, U., Beyer, K., Blume, A., Wetzker, R., 
Friedrich, K. and Rubio, I. (2006) Live-cell imaging of endogenous Ras-GTP illustrates 
predominant Ras activation at the plasma membrane. EMBO Rep 7:46-51. 




Barceló, C., Paco, N., Morell, M., Alvarez-Moya, B., Bota-Rabassedas, N., Jaumot, M., Vilardell, 
F., Capella, G. and Agell, N. (2014) Phosphorylation at Ser-181 of oncogenic KRAS is 
required for tumor growth. Cancer Res 74:1190-1199. 
Barr, F. and Lambright, D.G. (2010) Rab GEFs and GAPs. Curr Opin Cell Biol 22:461-470. 
Benard, V. and Bokoch, G.M. (2002) Assay of Cdc42, Rac, and Rho GTPase activation by affinity 
methods. Methods Enzymol 345:349-359. 
Bernards, A. and Settleman, J. (2004) GAP control: regulating the regulators of small GTPases. 
Trends Cell Biol 14:377-385. 
Bill, A., Blockus, H., Stumpfe, D., Bajorath, J., Schmitz, A. and Famulok, M. (2011) A 
homogeneous fluorescence resonance energy transfer system for monitoring the activation of 
a protein switch in real time. J Am Chem Soc 133:8372-8379. 
Bischoff, F.R., Krebber, H., Smirnova, E., Dong, W. and Ponstingl, H. (1995) Co-activation of 
RanGTPase and inhibition of GTP dissociation by Ran-GTP binding protein RanBP1. 
EMBO J 14:705-715. 
Boguski, M.S. and McCormick, F. (1993) Proteins regulating Ras and its relatives. Nature 366:643-
654. 
Bos, J.L., Rehmann, H. and Wittinghofer, A. (2007) GEFs and GAPs: Critical Elements in the 
Control of Small G Proteins. Cell 129:865-877. 
Boulay, P.L., Cotton, M., Melancon, P. and Claing, A. (2008) ADP-ribosylation factor 1 controls 
the activation of the phosphatidylinositol 3-kinase pathway to regulate epidermal growth 
factor-dependent growth and migration of breast cancer cells. J Biol Chem 283:36425-36434. 
Bourne, H.R., Sanders, D.A. and McCormick, F. (1990) The GTPase superfamily: a conserved 
switch for diverse cell functions. Nature 348:125-132. 
Brandt, D.T. and Grosse, R. (2007) Get to grips: steering local actin dynamics with IQGAPs. EMBO 
Rep 8:1019-1023. 
Britten, C.D. (2013) PI3K and MEK inhibitor combinations: examining the evidence in selected 
tumor types. Cancer Chemother Pharmacol 71:1395-1409. 
Brownbridge, G.G., Lowe, P.N., Moore, K.J.M., Skinner, R.H. and Webb, M.R. (1993) Interaction 
of GTPase activating proteins (GAPs) with p21ras measured by a novel fluorescence 
anisotropy method. Essential role of Arg-903 of GAP in activation of GTP hydrolysis on 
p21ras. J Biol Chem 268:10914-10919. 
Brune, M., Corrie, J.E.T. and Webb, M.R. (2001) A fluorescent sensor of the phosphorylation state 
of nucleoside diphosphate kinase and its use to monitor nucleoside diphosphate 
concentrations in real time. Biochemistry 40:5087-5094. 
Brune, M., Hunter, J.L., Corrie, J.E. and Webb, M.R. (1994) Direct, real-time measurement of rapid 
inorganic phosphate release using a novel fluorescent probe and it application to actomyosin 
subfragment 1 ATPase. Biochemistry 33:8262-8271. 
Brune, M., Hunter, J.L., Howell, S.A., Martin, S.R., Hazlett, T.L., Corrie, J.E.T. and Webb, M.R. 
(1998) Mechanism of inorganic phosphate interaction with phosphate binding protein from 
Escherichia coli. Biochemistry 37:10370-10380. 
Burstein, E.S. and Macara, I.G. (1992) Interactions of the Ras-like protein p25rab3Awith Mg2+ and 
guanine nucleotides. Biochem J 282:387-392. 
Bustelo, X.R. (2000) Regulatory and signaling properties of the Vav family. Mol Cell Biol 20:1461-
1477. 
Bustelo, X.R., Crepo, P., Lopez-Barahona, M., Gutkind, J.S. and Barbacid, M. (1997) Cbl-b, a 
member of the Sli-1/c-Cbl protein family, inhibits Vav-mediated c-Jun N-terminal kinase 




Caloca, M.J., Zugaza, J.L. and Bustelo, X. (2003) Exchange factors of the RasGRP family mediate 
Ras activation in the Golgi. J Biol Chem 278:33465-33473. 
Campbell‐Valois, F.X. and Michnick, S. (2005) Chemical biology on PINs and NeeDLes. Curr 
Opin Chem Biol 9:31-37. 
Casanova, J.E. (2007) Regulation of arf activation: the sec7 family of guanine nucleotide exchange 
factors. Traffic 8:1476-1485. 
Casanova, J.E. (2012) Advantages and limitations of cell-based assays for GTPase activation and 
regulation. Cell Logist 2:147-150. 
Cepus, V., Scheidig, A.J., Goody, R.S. and Gerwert, K. (1998) Time-resolved FTIR studies of the 
GTPase reaction of H-ras p21 reveal a key role for the beta-phosphate. Biochemistry 
37:10263-10271. 
Chandra, A., Grecco, H.E., Pisupati, V., Perera, D., Cassidy, L., Skoulidis, F., Ismail, S.A., 
Hedberg, C., Hanzal-Bayer, M., Venkitaraman, A.R., Wittinghofer, A. and Bastiaens, P.I. 
(2012) The GDI-like solubilizing factor PDEδ sustains the spatial organization and signaling 
of Ras family proteins. Nat Cell Biol 14:148-158. 
Cheng, K.W., Lahab, J.P., Gray, J.W. and Mills, G.B. (2005) Emerging role of Rab GTPases in 
cancer and human disease. Cancer Res 65:2516-2519. 
Cherfils, J. and Zeghouf, M. (2013) Regulation of small GTPases by GEFs, GAPs, and GDIs. 
Physiol Rev 93:269-309. 
Chiu, V.K., Bivona, T., Hach, A., Sajous, J.B., Siletti, J., Wiener, H., Johnson, R.L. 2nd, Cox, A.D. 
and Philips, M.R. (2002) Ras signaling on the endoplasmic reticulum and the Golgi. Nat Cell 
Biol 4:343-350. 
Chuang, T.H., Xu, X., Knaus, U.G., Hart, M.J. and Bokoch, G.M. (1993) GDP dissociation inhibitor 
prevents intrinsic and GTPase activating protein- stimulated GTP hydrolysis by the Rac 
GTP-binding protein. J Biol Chem 268:775-778. 
Cichowski, K. and Jacks, T. (2001) NF1 tumor suppressor gene function: narrowing the GAP. Cell 
104:593-604. 
Cirstea, I.C., Kutsche, K., Dvorsky, R., Gremer, L., Carta, C., Horn, D., Roberts, A.E., Lepri, F., 
Merbitz-Zahradnik, T., König, R., Kratz, C.P., Pantaleoni, F., Dentici, M.L., Joshi, V.A., 
Kucherlapati, R.S., Mazzanti, L., Mundlos, S., Patton, M.A., Cirillo Silengo, M., Rossi, C., 
Zampino, G., Digilion, C., Stuppia, L., Seemanova, E., Pennaccihio, L.A., Gelb, B.D., 
Dallapiccola, B., Wittinghofer, A., Ahmadian, M.R., Tartaglia, M. and Zenker, M. (2010) A 
restricted spectrum of NRAS mutations causes Noonan syndrome. Nat Genet 42:27-29. 
Clabecq, A., Henry, J.P. and Darchen, F. (2000) Biochemical characterization of Rab3-GTPase-
activating protein reveals a mechanism similar to that of Ras-GAP. J Biol Chem 275:31786-
31791. 
Clark, G.J., Quilliam, L.A., Hisaka, M.M. and Der, C.J. (1993) Differential antagonism of Ras 
biological activity by catalytic Src homology domains of Ras GTPase activating protein. 
Proc Natl Acad Sci USA 90:4887-4891. 
Clarke, P. R. and Zhang, C. (2008) Spatial and temporal coordination of mitosis by RanGTPase. Nat 
Rev Mol Cell Biol 9:464-477. 
Colicelli, J. (2004) Human RAS superfamily proteins and related GTPases. Sci STKE re13. 
Cote, J.F. and Vuori, K. (2007) GEF what? Dock180 and related proteins help Rac to polarize cells 
in new ways. Trends Cell Biol 17:383-393. 
Cox, A.D., Fesik, S.W., Kimmelman, A.C., Luo, J. and Der, C.J. (2014) Drugging the undruggable 
RAS: Mission possible? Nat Rev Drug Discov 13:828-851. 
Csépányi-Kömi, R., Lévay, M. and Ligeti E. (2012) Small G proteins and their regulators in cellular 




Cukierman, E., Huber, I., Rotman, M. and Cassel, D. (1995) The ARF1 GTPase-activating protein: 
zinc finger motif and Golgi complex localization. Science 270:1999-2002. 
Davies, C. (2005) Introduction to immunoassay principles in The Immunoassay Handbook. Elsevier 
Ltd., Oxford, UK, pp. 3-40. 
Davies, M.J., Ha, B.H., Holman, E.C., Halaban, R., Schlessinger, J. and Boggon, T.J. (2013) 
RAC1P29S is spontaneously activating cancer-associated GTPase. Proc Natl Acad Sci USA 
110:912-917. 
de Rooij, J. and Bos, J.L. (1997) Minimal Ras-binding domain of Raf1 can be used as an activation-
specific probe for Ras. Oncogene 14:623-625. 
Der, C.J., Finkel, T. and Cooper, G. M. (1986) Biological and biochemical properties of human 
rasH genes mutated at codon 61. Cell 44:167-176. 
Der, C.J., Krontiris, T.G. and Cooper, G.M. (1982) Transforming genes of human bladder and lung 
carcinoma cell lines are homologous to the ras genes of Harvey and Kirsten sarcoma viruses. 
Proc Natl Acad Sci USA 79:3637-3640. 
DerMardirossian, C. and Bokoch, G.M. (2005) GDIs: central regulatory molecules in Rho GTPase 
activation. Trends Cell Biol 15:356-363. 
DerMardirossian, C., Rocklin, G., Seo, J-Y. and Bokoch, G.M. (2006) Phosphorylation of RhoGDI 
by Src Regulates Rho GTPase Binding and Cytosol-Membrane Cycling. Mol Biol Cell 
17:4760-4768. 
Dirac-Svejstrup, A.B., Sumizawa, T. and Pfeffer, R.S. (1997) Identification of a GDI displacement 
factor that releases endosomal Rab GTPases from Rab-GDI. EMBO J 16:465-472. 
Donaldson, J.G. and Honda, A. (2005) Localization and function of Arf family GTPases. Biochem 
Soc Trans 33:639-642. 
Donaldson, J.G. and Jackson, C.L. (2011) ARF family G proteins and their regulators: roles in 
membrane transport, development and disease. Nature Rev Mol Cell Biol 12:362-375. 
Dovas, A. and Couchman, J.R. (2005) RhoGDI: multiple functions in the regulation of Rho family 
GTPase activities. Biochem J 390:1-9. 
Dover, R., Jayaram, Y., Patel, K. and Chinery, R. (1994) p53 expression in cultured cells following 
radioisotope labelling. J Cell Sci 107:1181-1184. 
D'Souza-Schorey, C. and Chevrier, P. (2006) ARF proteins: roles in membrane traffic and beyond. 
Nat Rev Mol Cell Biol 7:347-358. 
Durek, T., Alexandrov, K., Goody, R.S., Hildebrand, A., Heinemann, I. and Waldmann, H. (2004) 
Synthesis of fluorescently labeled mono- and diprenylated Rab7 GTPase. J Am Chem Soc 
126:16368-16378. 
Eberth, A. and Ahmadian, M.R. (2009) In vitro GEF and GAP assays. Curr Protoc Cell Biol 
14:14.9. 
Eberth, A., Dvorsky, R., Becker, C.F.W., Beste, A., Goody, R.S. and Ahmadian, M.R. (2005) 
Monitoring the real-time kinetics of the hydrolysis reaction of guanine nucleotide-binding 
proteins. Biol Chem 386:1105-1114. 
Feig, L.A. (2003) Ral-GTPases: Approaching their 15 minutes of fame. Trends Cell Biol 13:419-
425. 
Fernandez-Medarde, A. and Santos, E. (2011) Ras in cancer and developmental diseases. Genes 
Cancer 2:344-358. 
Feuerstein, J., Goody, R.S. and Wittinghofer, A. (1987) Preparation and characterization of 
nucleotide-free and metal ion-free p21 "Apoprotein". J Biol Chem 262:8455-8458. 
Ford, B., Hornak, V., Kleinman, H. and Nassar, N. (2006) Structure of a transient intermediate for 




Frang, H., Mukkala, V.M., Syystö, R., Ollikka, P., Hurskainen, P., Scheinin, M. and Hemmilä, I. 
(2003) Nonradioactive GTP binding assay to monitor activation of g protein-coupled 
receptors. Assay Drug Dev Technol 1:275-280. 
Gao, J., Ma, R., Wang, W., Wang, N., Sasaki, R., Snyderman, D., Wu, J. and Ruan, K. (2014) 
Automated NMR fragment based screening identified a novel interface blocker to the 
LARG/RhoA complex. Plos One 9:e88098. 
Gerwert, K. (1993) Molecular reaction mechanisms of proteins as monitored by time-resolved FTIR 
spectroscopy. Curr Opin Struct Biol 3:769-773. 
Gibbs, J.B., Sigal, I.S., Poe, M. and Scolnick, E.M. (1984) Instric GTPase activity distinguishes 
normal and oncogenic ras p21 molecules. Proc Natl Acad Sci USA 81:5704-5708. 
Glennon, T.M., Villa, J. and Warshel, A. (2000) How does GAP catalyze the GTPase reaction of 
Ras? A computer simulation study. Biochemistry 39:9641-9651. 
Glickman, J.F., Schmid, A. and Ferrand, S. (2008) Scintillation proximity assays in high-throughput 
screening. Assay Drug Dev Technol 6:433-455. 
Goedhart, J., van Weeren, L., Hink, M.A., Vischer, N.O., Jalink, K. and Gadella, T.W. Jr. (2010) 
Bright cyan fluorescent protein variants identified by fluorescence lifetime screening. Nat 
Methods 7:137-39. 
Goldberg, J. (1999) Structural and functional analysis of the ARF1-ARFGAP complex reveals a 
role for coatomer in GTP hydrolysis. Cell 96:893-902. 
Golden, M.C., Collins, B.D., Willis, M.C. and Koch, T.H. (2000) Diagnostic potential of 
PhotoSELEX-evolved ssDNA aptamers. J Biotechnol 81:167-178. 
Goody, R.S. (2014) How not to do kinetics: examples involving GTPases and guanine nucleotide 
exchange factors. FEBS J 281:593-600. 
Guzmán, C., Šolman, M., Ligabue, A., Blaževitš, O., Andrade, D.M., Reymond, L., Eggeling, C. 
and Abankwa, D. (2014) The efficacy of Raf kinase recruitment to the GTPase H-ras 
depends on H-ras membrane conformer-specific nanoclustering. J Biol Chem 289:9519-
9533. 
Ha, T., Enderle, T., Ogletree, D.F., Chemla, D.S., Selvin, P.R. and Weiss, S. (1996) Probing the 
interaction between two single molecules: Fluorescence resonance energy transfer between a 
single donor and a single acceptor. Proc Natl Acad Sci USA 93:6264-6268. 
Ha, V.L., Luo, R., Nie, Z. and Randazzo, P.A. (2008) Contribution of AZAP-Type Arf GAPs to 
cancer cell migration and invasion. Adv Cancer Res 101:1-28. 
Haeusler, L.C., Blumenstein, L., Stege, P., Dvorsky, R. and Ahmadian, M.R. (2003) Comparative 
functional analysis of the Rac GTPases. FEBS Lett 555:556-560. 
Hanzal-Bayer, M., Renault, L., Roversi, P., Wittinghofer, A. and Hillig, R. C. (2002) The complex 
of Arl2-GTP and PDEδ: from structure to function. EMBO J 21:2095-2106. 
Härmä, H., Rozwandowicz-Jansen, A., Martikkala, E., Frang, H., Hemmilä, I., Sahlberg, N., Fey, 
V., Perälä, M. and Hänninen, P. (2009) A new simple cell-based homogeneous time-resolved 
fluorescence QRET technique for receptor-ligand interaction screening. J Biomol Screen 
14:936-943. 
Härmä, H., Sarrail, G., Kirjavainen, J., Martikkala, E., Hemmilä, I. and Hänninen, P. (2010) 
Comparison of homogeneous single-label fluorometric binding assays: fluorescence 
polarization and dual-parametric quenching resonance energy transfer technique. Anal Chem 
82:892-897. 
Harrison, C. and Traynor, J.R. (2003) The [35S] GTP gamma S binding assay: approaches and 




Hart, M.J., Jiang, X., Kozasa, T., Roscoe, W., Singer, W.D., Gilman, A.G., Sternweis, P.C., and 
Bollag, G. (1998) Direct stimulation of the guanine nucleotide exchange activity of p115 
RhoGEF by Gα13. Science 280:2112-2114. 
Hart, T.C., Zhang, Y., Gorry, M.C., Hart, P.S., Cooper, M., Marazita, M.L., Marks, J.M., Cortelli, 
J.R. and Pallos, D. (2002) A mutation in the SOS1 gene causes hereditary gingival 
fibromatosis type 1. Am J Hum Genet 70:943-54. 
Hemmilä, I., Dakubu, S., Mukkala, V.M., Siitari, H. and Lövgren, T. (1984) Europium as a label in 
time-resolved immunofluorometric assays. Anal Biochem 137:335-343. 
Hemsath, L. and Ahmadian M.R. (2005) Fluorescence approaches for monitoring interactions of 
Rho GTPases with nucleotides, regulators and effectors. Methods 37:173-182. 
Higashijima, T., Ferguson, K.M., Sternweis, P.C., Ross, E.M., Smigel, M.D. and Gilman, A.G. 
(1986) The effect of activating ligands on the intrinsic fluorescence of guanine nucleotide-
binding regulatory proteins. J Biol Chem 262:752-756. 
Hiratsuka, T. (1983) New ribose-modified fluorescent analogs of adenine and guanine nucleotides 
available as substrates for various enzymes. Biochim Biophys Acta 742:496-508. 
Hiratsuka, T. (1985) A chomophoric and fluorescent analog of GTP, 2'3'-O-(2,4,6-
trinitrocyclohexadienylidene)-GTP, as a spectroscopic probe for the GTP inhibitory site of 
liver glutamate dehydrogenase. J Biol Chem 260:4784-4790. 
Hiratsuka, T. (2003) Fluorescent and colored trinitrophenylated analogs of ATP and GTP. Eur J 
Biochem 270:3479-3485. 
Hirshberg, M., Henrick, K., Haire, L.L., Vasisht, N., Brune, M., Corrie, J.E.T. and Webb, M.R. 
(1998) Crystal structure of phosphate binding protein labeled with a coumarine fluorophore, 
a probe for inorganic phosphate. Biochemistry 37:10381-10385. 
Hocker, H.J., Cho, K.J., Chen, C.Y., Rambahai, N., Sagineedu, S.R., Shaari, K., Stanslas, J., 
Hancock, J.F. and Gorfe, A.A. (2013) Andrographolide derivatives inhibit guanine 
nucleotide exchange and abrogate oncogenic Ras function. Proc Natl Acad Sci USA 
110:10201-10206. 
Hoffenberg, S., Shannon, T.M., Noonan, T.P., Liu, S., Daniel, D.S., Fishman, J.B., Rubins, J.B., 
Misha, H.K., Wright, G.E. and Dickey, B.F. (1996) Specific and effective interaction of a 
guanine nucleotide analogue with small G proteins. Mol Pharmacol 49:156-164. 
Hubsman, M., Yudkovsky, G. and Aronheim, A. (2001) A novel approach for the identification of 
protein-protein interaction with integral membrane proteins. Nucleic Acids Res 29:E18. 
Huovinen, T., Syrjänpää, M., Sanmark, H., Brockmann, E.C., Azhayev, A., Wang, Q., Vehniäinen, 
M. and Lamminmäki, U. (2013) Two ScFv antibody libraries derived from identical VL-VH 
framework with different binding site designs display distinct binding profiles. Protein Eng 
Des Sel 26:683-693. 
Huss, K.L., Blonigen, P.E. and Campbell, R.M. (2007) Development of a Transcreener kinase assay 
for protein kinase A and demonstration of concordance of data with a filter-binding assay 
format. J Biomol Screen 12:578-584. 
Hutagalung, A.H. and Novick, P.J. (2011) Role of Rab GTPases in membrane traffic and cell 
physiology. Physiol Rev 91:119-149. 
Huttunen, R., Shweta, Martikkala, E., Lahdenranta, M., Virta, P., Hänninen, P. and Härmä, H. 
(2011) Single-label time-resolved luminescence assay for estrogen receptor–ligand binding. 
Anal Biochem 415:27-31. 
Inoue, H. and Randazzon, P.A. (2007) Arf GAPs and their interacting proteins. Traffic 8:1465-1475. 
Itaya, K. and Ui, M. (1966) A new micromethod for the colorimetric determination of inorganic 




Jameson, E.E., Roof, R.A., Whorton, M.R., Mosbergl, H.I., Sunahara, R.K., Neubig, R.R. and 
Kennedy, R.T. (2006) Real-time detection of basal and stimulated G protein GTPase activity 
using fluorescent GTP analogues. J Biol Chem 280:7712-7719. 
Jian, X., Cavenagh, M., Gruschus, J.M., Randazzo, P.A. and Kahn, R.A. (2010) Modifications to 
the C-terminus of Arf1 alter cell functions and protein interactions. Traffic 11:732-742. 
John, J., Frech, M., Feuerstein, J., Goody, R.S. and Wittinghofer, F. (1989) Biochemical properties 
of Ha-Ras encoded p21 mutants in The Guanine-Nucleotide Binding Proteins. Plenum Press 
Corp., New York, USA, pp. 209-214. 
John, J., Rensland, H., Schlichting, I., Vetter, I., Borasio, G.D., Goody, R.S. and Wittinghofer, A. 
(1993) Kinetic and structural analysis of the Mg(2+)-binding site of the guanine nucleotide-
binding protein p21H-Ras. J Biol Chem 268:923-929. 
John, J., Sohmen, R., Feuerstein, J., Linke, R., Wittinghofer, A. and Goody, R.S. (1990) Kinetics of 
interaction of nucleotides with nucleotide-free H-ras p21. Biochemistry 29:6058-6065. 
Johnsson, N. and Varshavsky, A. (1994) Split ubiquitin as a sensor of protein interactions in vivo. 
Proc Natl Acad Sci USA 91:10340-10344. 
Jun, J.E., Rubio, I. and Roose, J.P. (2013) Regulation of Ras exchange factors and cellular 
localization of Ras activation by lipid messengers in T cells. Front Immunol 4:239 
eCollection. 
Kahn, R.A. and Gilman, A.G. (1986) The protein cofactor necessary for ADP-ribosylation of Gs by 
cholera toxin is itself a GTP binding protein. J Biol Chem 261:7906-7911. 
Kahn, R.A., Bruford, E., Inoue, H., Logsdon Jr., J.M., Nie, Z., Premont, R.T., Randazzo, P.A., 
Satake, M., Theibert, A.B., Zapp, M.L. and Cassel, D. (2008) Consensus nomenclature for 
the human ArfGAP domain-containing proteins. J Cell Biol 182:1039-1044. 
Kahn, R.A., Cherfils, J., Elias, M., Lovring, R.C., Munro, S. and Schurmann, A. (2006) 
Nomenclature for the human Arf family of GTP-binding proteins: ARF, ARL, and SAR 
proteins. J Cell Biol 172:645-650. 
Karnoub, A.E. and Weinberg, R.A. (2008) Ras oncogenes: split personalities. Nature Rev Mol Cell 
Biol 9:517-531. 
Kaur, H. and Yung, L.Y. (2012) Probing High Affinity Sequences of DNA Aptamer against 
VEGF165. PLOS ONE 7:e31196. 
Keep, N.H., Barnes, M., Barsukov, I., Badii, R., Lian, L-Y., Segal, A.W., Moody, P.C.E. and 
Roberts, G.C.K. (1997) A modulator of rho family G proteins, rhoGDI, binds these G 
proteins via an immunoglobulin-like domain and a flexible N-terminal arm. Structure 5:623-
633. 
Kiyokawa, E., Aoki, K., Nakamura, T. and Matsuda, M. (2011) Spatiotemporal regulation of small 
GTPases as revealed by probes based on the principle of Förster Resonance Energy Transfer 
(FRET): Implications for signaling and pharmacology. Annu Rev Pharmacol Toxicol 51:337-
358. 
Klebe, C., Bischoff, F.R., Ponstingl, H. and Wittinghofer, A. (1995a) Interaction of the nuclear 
GTP-binding protein Ran with its regulatory proteins RCC1 and RanGAP1. Biochemistry 
34:639-647. 
Klebe, C., Prinz, H., Wittinghofer, A. and Goody, R.S. (1995b) The kinetic mechanism of Ran-
nucleotide exchange catalyzed by RCC 1. Biochemistry 34:12543-12552. 
Kleman-Leyer, K.M., Klink, T.A., Kopp, A.L., Westermeyer, T.A., Koeff, M.D., Larson, B.R., 
Worzella, T.J., Pinchard, C.A., van de Kar, S.A., Zaman, G.J., Hornberg, J.J. and Lowery 
R.G. (2009) Characterization and optimization of a red-shifted fluorescence polarization 




Köhnke, M., Schmitt, S., Ariotti, N., Piggott, A.M., Parton, R.G., Lacey, E., Capon, R.J., 
Alexandrov, K. and Abankwa, D. (2012) Design and application of in vivo FRET biosensors 
to identify protein prenylation and nanoclustering inhibitors. Chem Biol 19:866-874. 
Kopra, K. and Härmä, H. (2015) Quenching resonance energy transfer (QRET): a single-label 
technique for inhibitor screening and interaction studies. N Biotechnol doi: 
10.1016/j.nbt.2015.02.007. 
Kopra, K., Kainulainen, M., Mikkonen, P., Rozwandowicz-Jansen, A., Hänninen, P. and Härmä, H. 
(2013a) Multiparametric homogeneous method for identification of ligand binding to G 
protein-coupled receptors: receptor-ligand binding and β-arrestin assay. Anal Chem 85:2276-
2281. 
Kopra, K., Shweta, Martikkala, E., Hänninen, P., Petäjä-Repo, U. and Härmä, H. (2013b) A 
homogeneous single-label quenching resonance energy transfer assay for a δ-opioid receptor-
ligand using intact cells. Analyst 138:4907-4914. 
Korlach, J., Baird, D.W., Heikal, A.A., Geel, K.R., Hoffman, G.R. and Webb, W.W. (2004) 
Spontaneous nucleotide exchange in low molecular weight GTPases by fluorescently labeled 
γ-phosphate-linked GTP analogs. Proc Natl Acad Sci USA 101:2800-2805. 
Kotera, I., Iwasaki, T., Imamura, H., Noji, H. and Nagai, T. (2010) Reversible dimerization of 
Aequorea Victoria fluorescent proteins increases the dynamic range of FRET-based 
indicators. ACS Chem Biol 5:215-22. 
Koval, A., Kopein, D., Purvanov, V. and Katanaev, V.L. (2010) Europium-labeled GTP as a general 
nonradioactive substitute for [(35)S]GTPgammaS in high-throughput G protein studies. Anal 
Biochem 397:202-207. 
Kraemer, A., Brinkmann, T., Plettner, I., Goody, R. and Wittinghofer, A. (2002) Fluorescently 
labelled guanine nucleotide binding proteins to analyse elementary steps of GAP-catalysed 
reactions. J Mol Biol 324:763-774. 
Kraynov, V.S., Chamberlain, C., Bokoch, G.M., Schwartz, M.A., Slabaugh, S. and Hahn, K.M. 
(2000) Localized Rac activation dynamics visualized in living cells. Science 290:333-337. 
Kunzelmann, S. and Webb, M.R. (2009) A biosensor for fluorescent determination of ADP with 
high time resolution. J Biol Chem 284: 33130-33138. 
Kunzelmann, S. and Webb, M.R. (2010) A fluorescent, reagentless biosensor for ADP based on 
tetramethylrhodamine-labeled ParM. ACS Chem Biol 5:415-425. 
Kunzelmann, S. and Webb, M.R. (2011) Fluorescence detection of GDP in real time with the 
reagentless biosensor rhodamine–ParM. Biochem J 440:43-49. 
Kunzelmann, S., Praefcke, G.J. and Herrmann, C. (2006) Transient kinetic investigation of GTP 
hydrolysis catalyzed by interferon-γ-induced hGBP1 (human guanylate binding protein 1). J 
Biol Chem 281:28627-28635. 
Leblanc, A., Tocqué, B. and Delumeau, I. (1998) Ras-GAP controls Rho-mediated cytoskeletal 
reorganization through its SH3 domain. Mol Cell Biol 18:5567-5578. 
Lee, M-T.G., Mishra, A. and Lambright, G. (2009) Structural mechanisms for regulation of 
membrane traffic by Rab GTPases. Traffic 10:1377-1389. 
Lemmon, M.A. (2005) Pleckstrin homology domains: two halves make a hole? Cell 120:574-576. 
Leng, W., Pang, X., Xia, H., Li, M., Chen, L., Tang, Q., Yuan, D., Li, R., Li, L., Gao, F. and Bi, F. 
(2013) Novel split-luciferase-based genetically encoded biosensors for noninvasive 
visualization of Rho GTPases. Plos One 8:e62230. 
Lenzen, C., Cool, R.H. and Wittinghofer, A. (1995) Analysis of intrinsic and CDC25-stimulated 
guanine nucleotide exchange of p21ras-nucleotide complexes by fluorescence measurements. 




Lenzen, C., Cool, R.H., Prinz, H., Kuhlmann, J. and Wittinghofer, A. (1998) Kinetic analysis by 
fluorescence of the interaction between Ras and the catalytic domain of the guanine 
nucleotide exchange factor Cdc25Mm. Biochemistry 37:7420-7430. 
Leonard, D.A., Evans, T., Hart, M., Cerione, R.A. and Manor, D. (1994) Investigation of the GTP-
binding/GTPase cycle of Cdc42Hs using fluorescence spectroscopy. Biochemistry 33:12323-
12328. 
Liao, Y., Kariya, K., Shibatohge, M., Goshima, M., Okada, T., Watari, Y., Gao, X., Jin, T.G., 
Yamawaki-Kataoka, Y. and Kataoka, T. (1999) RA-GEF, a novel Rap1A guanine nucleotide 
exchange factor containing a Ras/Rap1A-associating domain, is conserved between 
nematode and humans. J Biol Chem 274:37815-37820. 
Ligeti, E., Pizon, V., Wittinghofer, A., Gierschik, P. and Jakobs, K.H. (1993) GTPase activity of 
small GTP-binding proteins in HL-60 membranes is stimulated by arachidonic acid. Eur J 
Biochem 216:813-820. 
Liu, M., Sjogren, A.K., Karlsson, C., Ibrahim, M.X., Andersson, K.M., Olofsson, F.J., Wahlstrom, 
A.M., Dalin, M., Yu, H., Chen, Z., Yang, S.H., Young, S.G. and Bergo, M.O. (2010) 
Targeting the protein prenyltransferases efficiently reduces tumor development in mice with 
K-RAS-induced lung cancer. Proc Natl Acad Sci USA 107:6471-6476. 
Ligeti, E., Welti, S. and Scheffzek, K. (2012) Inhibition and Termination of Physiological 
Responses by GTPase Activating Proteins. Physiol Rev 92:237-272. 
Luker, K.E., Gupta, M. and Luker, G.D. (2008) Imaging CXCR4 signaling with firefly luciferase 
complementation. Anal Chem 80:5565-5573. 
MacNevin, C.J., Gremyachinskiy, D., Hsu, C.W., Li, L., Rougie, M., Davis, T.T. and Hahn, K.M. 
(2013) Environment-sensing merocyanine dyes for live cell imaging applications. Bioconjug 
Chem 24:215-223. 
Magliery, T.J., Wilson, C.G., Pan, W., Mishler, D., Ghosh, I., Hamilton, A.D. and Regan, L. (2005) 
Detecting protein-protein interactions with a green fluorescent protein fragment reassembly 
trap: scope and mechanism. J Am Chem Soc 127:146-157. 
Manor, D. (2006) Measurement of GTPase effector affinities in regulators and effectors of small 
GTPases in Regulators and Effectors of Small GTPases, Part D: Rho Family. Academic 
Press, San Diego, USA pp. 139-149. 
Marom, M., Haklai, R., Ben-Baruch, G., Marciano, D., Egozi, Y. and Kloog, Y. (1995) Selective 
inhibition of Ras-dependent cell growth by farnesylthiosalisylic acid. J Biol Chem 
270:22263-22270. 
Maroun, M. and Aronheim, A. (1999) A novel in vivo assay for the analysis of protein-protein 
interaction. Nucleic Acids Res 27:E4. 
Marshall, C.B., Ho, J., Buerger, C., Plevin, M.J., Li, G.Y., Li, Z., Ikura, M. and Stambolic, V. 
(2009) Characterization of the intrinsic and TSC2-GAP–regulated GTPase activity of Rheb 
by real-time NMR. Sci Signal 2:ra3. 
Marshall, C.B., Meiri, D., Smith, M.J., Mazhab-Jafati, M.T., Gasmi-Seabrook, M.C., Rottapel, R., 
Stambolic, V. and Ikura, M. (2012) Probing the GTPase cycle with real-time NMR: GAP 
and GEF activities in cell extracts. Methods 57:473-485. 
Martikkala, E., Veltel, S., Kirjavainen, J., Rozwandowicz-Jansen, A., Lamminmäki, U., Hänninen, 
P. and Härmä, H. (2011) Homogeneous single-label biochemical Ras activation assay using 
time-resolved luminescence. Anal Chem 83:9230-9233. 
Mattingly, R.R. (2013) Activated Ras as a therapeutic target: constraints on directly targeting Ras 
isoforms and wild-type versus mutated proteins. ISRN Oncol. 536529:eCollection 2013. 
Maurer, T., Garrenton, L.S., Oh, A., Pitts, K., Anderson, D.J., Skelton, N.J., Fauber, B.P., Pan, B., 




M.A., Mellman, I., Jackson, P.K., Rudolph, J., Wang, W. and Fang, G. (2012) Small-
molecule ligands bind to a distinct pocket in Ras and inhibit SOS-mediated nucleotide 
exchange activity. Proc Natl Acad Sci USA 109:5299-5304. 
Mazhab-Jafari, M.T., Marshall, C.B., Smith, M., Gasmi-Seabrook, G.M.C., Stambolic, V., Rottapel, 
R., Neel, B.G. and Ikura, M. (2010) Real-time NMR study of three small GTPases reveals 
that fluorescent 2'(3')-O-(N-methylanthraniloyl)-tagged nucleotides alter hydrolysis and 
exchange kinetics. J Biol Chem 285:5132-5136. 
McCubrey, J.A., Steelman, L.S., Abrams, S.L., Lee, J.T., Chang, F., Bertrand, F.E., Navolanic, 
P.M., Terrian, D.M., Franklin, R.A., D'Assoro, A.B., Salibury, J.L., Mazzarino, M.C., 
Stivala, F. and Libra, M. (2006) Roles of the RAF/MEK/ERK and PI3K/PTEN/AKT 
pathways in malignant transformation and drug resistance. Adv Enzyme Regul 46:249-279. 
McEven, D.P., Gee, K.R., Kang, H.C. and Neubig, R.R. (2001) Fluorescent BODIPY-GTP analogs: 
real-time measurement of nucleotide binding to G proteins. Anal Biochem 291:109-117. 
Miao, Y., Liu, J., Hou, F. and Jiang, C. (2006) Determination of adenosine disodium triphosphate 
(ATP) using norfloxacin-Tb as a fluorescence probe by spectrofluorimetry. J Lumin 116:67-
72. 
Milligan, G. (2003) Principles: extending the utility of [35S] GTP gamma S binding assays. Trends 
Pharmacol Sci 24:87-90. 
Mochizuki, N., Yamashita, S., Kurokawa, K., Ohba, Y., Nagai, T., Miyawaki, A. and Matsuda, M. 
(2001) Spatio-temporal images of growth-factor-induced activation of Ras and Rap1. Nature 
411:1065-1068. 
Monroy, C.A., Mackie, D.I. and Roman, D.L. (2013) A high throughput screen for RGS proteins 
using steady state monitoring of free phosphate formation. Plos One 8:e62247. 
Moon, S.Y. and Zheng, Y. (2003) Rho GTPase-activating proteins in cell regulation. Trends Cell 
Biol 13:13-22. 
Moore, M.S. (1998) Ran and Nuclear Transport. J Biol Chem 273:22857-22860. 
Moreno, D., Neller, J., Kestler, H.A., Kraus, J., Dünkler, A. and Johnsson, N. (2013) A fluorescent 
reporter for mapping cellular protein-protein interactions in time and space. Mol Syst Biol 
9:647. 
Morris, E.J., Jha, S., Restaino, C.R., Dayananth, P., Zhu, H., Cooper, A., Carr, D., Deng, Y., Jin, 
W., Black, S., Long, B., Liu, J., Dinunzio, E., Windsor, W., Zhang, R., Zhao, S., Angagaw, 
M.H., Pinheiro, E.M., Desai, J., Xiao, L., Shipps, G., Hruza, A., Wang, J., Kelly, J., Paliwal, 
S., Gao, X., Babu, B.S., Zhu, L., Daublain, P., Zhang, L., Lutterbach, B.A., Pelletier, M.R., 
Philippar, U., Siliphaivanh, P., Witter, D., Kirschmeier, P., Bishop, W.R., Hicklin, D., 
Gilliland, D.G., Jayaraman, L., Zawel, L., Fawell, S., Samatar, A.A. (2013) Discovery of a 
novel ERK inhibitor with activity in models of acquired resistance to BRAF and MEK 
inhibitors. Cancer Discov 3:742-750. 
Mossesova, E., Gulbis, J.M. and Goldberg, J. (1998) Structure of the guanine nucleotide exchange 
factor Sec7 domain of human arno and analysis of the interaction with ARF GTPase. Cell 
92:415-423. 
Mukkala, V.M., Helenius, M., Hemmilä, I., Kankare, J. and Takalo, H. (1993) Development of 
luminescent europium(III) and terbium(III) chelates of 2,2':6',2''-terpyridine derivatives for 
protein labelling. Helv Chim Acta 76:1361-1378. 
Murakoshi, H., Iino, R., Kobayashi, T., Fujiwara, T., Ohshima, C., Yoshimura, A. and Kusumi, A. 





Muralidharan-Chari, V., Hoover, H., Clancy, J., Schweitzer, J., Suckow, M.A., Schroeder, V., 
Castellino, F.J., Schorey, J.S. and D'Souza-Schorey, C. (2009) ADP-ribosylation factor 6 
regulates tumorigenic and invasive properties in vivo. Cancer Res 69:2201-2209. 
Nakamura, T., Aoki, K. and Matsuda, M. (2005) Monitoring spatio-temporal regulation of Ras and 
Rho GTPases with GFP-based FRET probes. Methods 37:146-153. 
Nancy, V., Callebaut, I., El Marjou, A. and de Gunzburg, J. (2002) The δ subunit of retinal rod 
cGMP phosphodiesterase regulates the membrane association of Ras and Rap GTPases. J 
Biol Chem 277:15076-15084. 
Neal, S.E., Eccleston, J.F. and Webb, M.R. (1990) Hydrolysis of GTP by p21NRAS, the NRAS 
proto-oncogene product, is accompanied by a conformational change in the wild-type 
protein: use of a single fluorescent probe at the catalytic site. Proc Natl Acad Sci USA 
87:3562-3565. 
Ng, M., Blaschke, T.F., Arias, A.A. and Zare, R.N. (1992) Analysis of free intracellular nucleotides 
using high-performance capillary electrophoresis. Anal Chem 64:1682-1684. 
Nguyen, A.W. and Daugherty, P.S. (2005) Evolutionary optimization of fluorescent proteins for 
intracellular FRET. Nat Biotechnol 23:355-60. 
Nie, Z. and Randazzo, P.A. (2006) Arf GAPs and membrane traffic. J Cell Sci 119:1203-1211. 
Nielsen, K.H., Papageorge, A.G., Vass, W.C., Willumsen, B.M. and Lowy, D.R. (1997) The Ras-
specific exchange factors mouse Sos1 (mSos1) and mSos2are regulated differently: 
mSos2contains ubiquitination signals absent in mSos1. Mol Cell Biol 17:7132-7138. 
Nixon, A.E., Brune, M., Lowe, P.N. and Webb, M.R. (1995) Kinetics of inorganic phosphate 
release during the interaction of p21ras with the GTPase-activating proteins, p120-GAP and 
neurofibromin. Biochemistry 34:15592-15598. 
Nomanbhoy, T.K., Leonard, D.A., Manor, D. and Cerione, R.A. (1996) Investigation of the GTP-
binding/GTPase cycle of Cdc42Hs using extrinsic reporter group fluorescence. Biochemistry 
35:4602-4608. 
Noonan, T., Brown, N., Dudycz, L. and Wright, G. (1991) Interaction of GTP derivatives with 
cellular and oncogenic ras-p21 proteins. J Med Chem 34:1302-1307. 
Ostermann, N., Ahmadian, M.R., Wittinghofer, A. and Goody R.S. (1999) New N-2-labelled 
fluorescent derivatives of guanosine nucleotides and their interaction with GTP-binding 
proteins. Nucleosides Nucleotides 18:245-262. 
Ozawa, T., Kaihara, A., Sato, M., Tachihara, K. and Umezawa, Y. (2001) Split luciferase as an 
optical probe for detecting protein-protein interactions in mammalian cells based on protein 
splicing. Anal Chem 73:2516-2521. 
Palmioli, A., Sacco, E., Abraham, S., Thomas, C.J., Di Domizio, A., De Gioia, L., Gaponenko, V., 
Vanoni, M. and Peri, F. (2009) First experimental identification of Ras-inhibitor binding 
interface using a water-soluble Ras ligand. Bioorg Med Chem Lett 19:4217-4222. 
Pan, J.Y., Sanford, J.C. and Wessling-Resnick, M. (1995) Effect of guanine nucleotide binding on 
the intrinsic tryptophan fluorescence properties of Rab5. J Biol Chem 270:24204-24208. 
Pan, X., Eathiraj, S., Munson, M. and Lambright, D.G. (2006) TBC-domain GAPs for Rab GTPases 
accelerate GTP hydrolysis by a dual-finger mechanism. Nature 442:303-306. 
Papp, S. and Vanderkooi, J.M. (1989) Tryptophan phosphorescence at room temperature as a tool to 
study protein structure and dynamics. Photocham Photobiol 49:775-784. 
Paroo, Z., Bollinger, R.A., Braasch, D.A., Richer, E., Corey, D.R., Antich, P.P. and Mason, R.P. 
(2004) Validating bioluminescence imaging as a high-throughput, quantitative modality for 
assessing tumor burden. Mol Imaging 3:117-124. 
Parri, M. and Chiarugi, P. (2010) Rac and Rho GTPases in cancer cell motility control. Cell 




Paulmurugan, R., Umezawa, Y. and Gambhir, S.S. (2002) Noninvasive imaging of protein-protein 
interactions in living subjects by using reporter protein complementation and reconstitution 
strategies. Proc Natl Acad Sci USA 99:15608-15613. 
Phillips, R.A., Hunter, J.L., Eccleston, J.F. and Webb, M.R. (2003) The mechanism of Ras GTPase 
activation by neurofibromin. Biochemistry 42:3956-3965. 
Prior, I.A., Lewis, P.D. and Mattos, C. (2012) A comprehensive survey of Ras mutations in cancer. 
Cancer Res 72:2457-2467. 
Prokopenko, S.H., Brumby, A., O'Keefe, L., Prior, L., He, Y., Saint, R. and Bellen H.J. (1999) A 
putative exchange factor for Rho1 GTPase is required for initiation of cytokinesis in 
Drosophila. Genes Dev 13:2301-2314. 
Purich, D.L. and MacNeal, R.K. (1978) Properties of tubulin treated with alkaline phosphatase to 
remove guanine nucleotides from the exchangeable binding site. FEBS Lett 96:83-86. 
Quan, A. and Robinson, P.J. (2005) Rapid Purification of Native Dynamin I and Colorimetric 
GTPase assay. Methods Enzymol 404:556-569. 
Ren, X.D., Kiosses, W.B. and Schwartz, M.A. (1999) Regulation of the small GTP-binding protein 
Rho by cell adhesion and the cytoskeleton. EMBO J 18:578-785. 
Rensland, H., John, J., Linke, R., Simon, I., Schlichting, I., Wittinghofer, A. and Goody, R.S. (1995) 
Substrate and product structural requirements for binding of nucleotides to H-ras p21: The 
mechanism of discrimination between guanosine and adenosine nucleotides. Biochemistry 
34:593-599. 
Rensland, H., Lautwein, A., Wittinghofer, A. and Goody, R.S. (1995) Is there a rate-limiting step 
before GTP cleavage by H-Ras p21? Biochemistry 30:11181-11185. 
Reuther, G.W. and Der, C.J. (2000) The Ras branch of small GTPases: Ras family members don't 
fall far from the tree. Curr Opin Cell Biol 12:157-165. 
Richardson, B.C., McDonold, C.M. and Fromme, J.C. (2012) The Sec7 Arf-GEF Is Recruited to the 
trans-Golgi Network by Positive Feedback. Dev Cell 22:799-810. 
Rittinger, K., Walker, P.A., Eccleston, J.F., Nurmahomed, K., Owen, D., Laue, E., Gamblin, S.J. 
and Smerdon, S.J. (1997) Crystal structure of a small G protein in complex with the GTPase-
activating protein rhoGAP. Nature 388:693-697. 
Rojas, R.J., Kimple, R.J., Rossman, K.L., Siderovski, D.P. and Sondek, J. (2003) Established and 
emerging fluorescence-based assays for G-protein function: Ras-superfamily GTPases. 
Comb Chem High Throughput Screen 6:409-418. 
Rossman, K.L., Der, C.J. and Sondek, J. (2005) GEF means go: turning on RHO GTPases with 
guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol 6:167-180. 
Rossman, K.L., Worthylake, D.K., Snyder, J.T., Siderovski, D.P., Campbell, S.L. and Sondek, J. 
(2002) A crystallographic view of interactions between Dbs and Cdc42: PH domain-assisted 
guanine nucleotide exchange. EMBO J 21:1315-1326. 
Rozwandowicz-Jansen, A., Laurila, J., Martikkala, E., Frang, H., Hemmilä, I., Scheinin, M., 
Hänninen, P. and Härmä, H. (2010) Homogeneous GTP binding assay employing QRET 
technology. J Biomol Screen 15:261-267. 
Rubio, I., Pusch, R. and Wetzker, R. (2004) Quantification of absolute Ras-GDP/GTP levels by 
HPLC separation of Ras-bound [(32)P]-labelled nucleotides. J Biochem Biophys Methods 
58:111-117. 
Rudack, T., Xia, F., Kötting, C. and Gerwert, K. (2012) Ras and GTPase-activating protein (GAP) 
drive GTP into a precatalytic state as revealed by combining FTIR and biomolecular 
simulations. Proc Natl Acad Sci USA 109:15295-15300. 
Scheffzek, K. and Ahmadian, M.R. (2005) GTPase activating proteins: Structural and functional 




Scheffzek, K., Ahmadian, M.R. and Wittinghofer, A. (1998) GTPase-activating proteins: helping 
hands to complement an active site. Trend Biochem Sci 23:257-262. 
Scheffzek, K., Ahmadian, M.R., Kabsch, W., Wiesmüller, L., Lautwein, A., Schmitz, F. and 
Wittinghofer, A. (1997) The Ras-RasGAP complex: structural basis for GTPase activation 
and its loss in oncogenic Ras mutants. Science 277:333-339. 
Schmidt, A. and Hall, A. (2002) Guanine nucleotide exchange factors for Rho GTPases: turning on 
the switch. Genes Dev 16:1587-1609. 
Schürmann, A., Schmidt, M., Asmus, M., Bayer, S., Fliegert, F., Koling, S., Massmann, S., Schilf, 
C., Subauste, M.C., Voss, M., Jakobs, K.H. and Joost, H.G. (1999) The ADP-ribosylation 
factor (ARF)-related GTPase ARF-related protein binds to the ARF-specific guanine 
nucleotide exchange factor cytohesin and inhibits the ARF-dependent activation of 
phospholipase D. J Biol Chem 274:9744-9751. 
Schwartz, S.L., Cao, C., Pylypenpo, O., Rak, A. and Wandinger-Ness, A. (2007) Rab GTPases at a 
glance. J Cell Sci 120:3905-3910. 
Scrima, A., Thomas, C., Deaconescu, D. and Wittinghofer, A. (2008) The Rap-RapGAP complex: 
GTP hydrolysis without catalytic glutamine and arginine residues. EMBO J 27:1145-1153. 
Seewald, M.J., Körner, C., Wittinghofer, A. and Vetter, I.R. (2002) RanGAP mediates GTP 
hydrolysis without an arginine finger. Nature 415:662-666. 
Seki, T., Hayashi, N. and Nishimoto, T. (1996) RCC1 in the Ran Pathway. J Biochem 120:207-214. 
Serebriiskii, I., Khazak, V. and Golemis, E.A. (1999) A two-hybrid dual bait system to discriminate 
specificity of protein interactions. J Biol Chem 274:17080-17087. 
Shutes, A. and Der, C.J. (2005) Real-time in vitro measurement of GTP hydrolysis. Methods 
37:183-189. 
Siegfried, Z., Bononi, S., Ghigna, C. and Karni, R. (2013) Regulation of the Ras-MAPK and PI3K-
mTOR signalling pathways by alternative splicing in cancer. Int J Cell Biol 2013:568931. 
Skelly, J.V., Suter, D.A., Kuroda, R., Neidle, S., Hancock, J.F. and Drake, A. (1990) 
Conformational effects of nucleotide exchange in ras p21 proteins as studied by fluorescence 
spectroscopy. FEBS Lett 262:127-130. 
Smith, J.M. and Rittinger, K. (2002) Preparation of GTPases for structural and biophysical analysis 
in GTPase Protocols: The Ras Superfamily. Humana Press, Clifton, USA, pp. 13-24. 
Smith, M.J. and Ikura, M. (2014) Integrated RAS signaling defined by parallel NMR detection of 
effectors and regulators. Nat Chem Biol 10:223-230. 
Smith, M.J., Neel, B.G. and Ikura, M. (2013) NMR-based functional profiling of RASopathies and 
oncogenic RAS mutations. Proc Natl Acad Sci USA 110:4574-4579. 
Sot, B., Behrmann, E., Raunser, S. and Wittinghofer, A. (2013) Ras GTPase activating (RasGAP) 
activity of the dual specificity GAP protein Rasal requires colocalization and C2 domain 
binding to lipid membranes. Proc Natl Acad Sci USA 110:111-116. 
Spangler, C., Spangler, C.M. and Schäferling, M. (2008) Luminescent lanthanide complexes as 
probes for the determination of enzyme activities. Ann N Y Acad Sci 1130:138-148. 
Spangler, C., Spangler, C.M., Spoerner, M. and Schäferling, M. (2009) Kinetic determination of the 
GTPase activity of Ras proteins by means of a luminescent terbium complex. Anal Bioanal 
Chem 394:989-996. 
Stein, M., Pilli, M., Bernauer, S., Habermann, B.H., Zerial, M. and Wade, R.C. (2012) The 
interaction properties of the human Rab GTPase family – a comparative analysis reveals 
determinants of molecular binding selectivity. Plos One 7:e34870. 
Stephen, A.G., Esposito, D., Bagni, R.K. and McCormick, F. (2014) Dragging ras back in the ring. 




Stynen, B., Tournu, H., Tavernier, J. and Van Dijck, P. (2012) Diversity in genetic in vivo methods 
for protein-protein interaction studies: from the yeast two-hybrid system to the mammalian 
split-luciferase system. Microbiol Mol Biol Rev 76:331-382. 
Sun, Q., Burke, J.P., Phan, J., Burns, M.C., Olejniczak, E.T., Waterson, A.G., Lee, T., Rossanese, 
O.W. and Fesik, S.W. (2012) Discovery of small molecules that bind to K-Ras and inhibit 
Sos-mediated activation. Angew Chem Int Ed Engl 51:6140-6143. 
Sun, W., Vanhooke, J.L., Sondek, J. and Zhang, Q. (2011) High-throughput fluorescence 
polarization assay for the enzymatic activity of GTPase-activating protein of ADP-
ribosylation factor (ARFGAP). J Biomol Screen 16:717-723. 
Surviladze, Z., Waller, A., Wu, Y., Romero, E., Edwards, B.S., Wandinger-Ness, A. and Sklar, L.A. 
(2010) Identification of a small GTPase inhibitor using a high-throughput flow cytometry 
bead-based multiplex assay. J Biomol Screen 15:10-20. 
Takai, Y., Sasaki, T. and Matozaki, T. (2001) Small GTP-binding proteins. Physiol Rev 81:153-208. 
Tanaka, K., Lin, B.K., Wood, D.R. and Tamanoi, F. (1991) IRA2, an upstream negative regulator of 
RAS in yeast, is a RAS GTPase-activating protein. Proc Natl Acad Sci USA 86:7687-7690. 
Tatsumoto, T., Xie, X., Blumenthal, R., Okamoto, I. and Miki, T. (1999) Human ECT2 is an 
exchange factor for Rho GTPases, phosphorylated in G2/M phases, and involved in 
cytokinesis. J Cell Biol 147:921-928. 
Taylor, S.J. and Shalloway, D. (1996) Cell cycle-dependent activation of Ras. Curr Biol 6:1621-
1627. 
Tcherkezian, J. and Lamarche-Vane, N. (2007) Current knowledge of the large RhoGAP family of 
proteins. Biol Cell 99:67-86. 
Tesmer, J.J., Berman, D.M., Gilman, A.G. and Sprang, S.R. (1997) Structure of RGS4 bound to 
AlF4--activated Giα1: stabilization of the transition state for GTP hydrolysis. Cell 89:251-261. 
Thomas, C., Fricke, I., Scrima, A., Berken, A. and Wittinghofer, A. (2007) Structural evidence for a 
common intermediate in small G protein-GEF reactions. Mol Cell 25:141-149. 
Tidyman, W.E. and Rauen, K.A. (2008) Noonan, Costello and cardiofaciocutaneous syndromes: 
dysregulation of the Ras-MAPK pathway. Expert Rev Mol Med 10:e37. 
Tocqué, B., Delumeau, I., Parker, F., Maurier, F., Multon, M.C. and Schweighoffer, F. (1997) Ras-
GTPase activating protein (GAP): a putative effector for Ras. Cell Signalling 9:153-158. 
Toutchkine, A., Kraynov, V. and Hahn, K. (2003) Solvent-sensitive dyes to report protein 
conformational changes in living cells. J Am Chem Soc 125:4132-4145. 
Tsai, M.M., Lin, P.Y., Cheng, W.L., Tsai, C.Y., Chi, H.C., Chen, C.Y., Tseng, Y.H., Cheng, Y.F., 
Chen, C.D., Liang, Y., Liao, C.J., Wu, S.M., Lin, Y.H., Chung, I.H., Wang, C.S. and Lin, 
K.H. (2012) Overexpression of ADP-ribosylation factor 1 in human gastric carcinoma and its 
clinicopathological significance. Cancer Sci 103:1136-1044. 
Tucker, J., Sczakiel, G., Feuerstein, J., John, J., Goody, R.S. and Wittinghofer, A. (1986) 
Expression of p21 proteins in Escherichia coli and stereochemistry of the nucleotide-binding 
site. EMBO J 5:1351-1358. 
Ueda, T., Kikuchi, A., Ohga, N., Yamamoto, J. and Takai, Y. (1990) Purification and 
characterization from bovine brain cytosol of a novel regulatory protein inhibiting the 
dissociation of GDP from and the subsequent binding of GTP to rhoB p20, a ras p21-like 
GTP-binding protein. J Biol Chem 265:9373-80. 
van Triest, M. and Bos, J.L. (2004) Pull-down assays for guanosine 5′-triphosphate-bound Ras-like 
guanosine 5′-Triphosphatases. Methods Mol Biol 250:97-102. 
Vázquez-Martínez, R. and Malagón, M.M. (2011) Rab proteins and the secretory pathway: the case 




Vetter, I.R. and Wittinghofer, A. (2001) The guanine nucleotide-binding switch in three dimensions. 
Science 294:1299-1304. 
Vigil, D., Cherfils, J., Rossman, K.L. and Der, C.J. (2010) Ras superfamily GEFs and GAPs: 
validated and tractable targets for cancer therapy? Nat rev cancer 10:842-857. 
Vuojola, J., Lamminmäki, U. and Soukka, T. (2009) Resonance energy transfer from lanthanide 
chelates to overlapping and nonoverlapping fluorescent protein acceptors. Anal Chem 
81:5033-5038. 
Wagner, A., Simon, I., Sprinzl, M. and Goody, R.S. (1995) Interaction of guanosine nucleotides and 
their analogs with elongation factor Tu from thermos thermophiles. Biochemistry 34:12535-
12542. 
Wang, Q., Nchini Nono, K., Syrjänpää, M., Charboniere, L.J., Hovinen, J. and Härmä, H. (2013) 
Stable and highly fluorescent europium(III) chelates for time-resolved immunoassays. Inorg 
Chem 52:8461-8466. 
Wang, Y. and Wang, N. (2009) FRET and mechanobiology. Integr Biol (Camb) 1:565-573. 
Webb, M.R. (1992) A continuous spectrophotometric assay for inorganic phosphate and for 
measuring phosphate release kinetics in biological systems. Proc Natl Acad Sci USA 
89:4884-4887. 
Webb, M.R. (2007) Development of fluorescent biosensors for probing the function of motor 
proteins. Mol BioSyst 3:249-256. 
Webb, M.R. and Hunter, J.L. (1992) Interaction of GTPase-activating protein with p21ras, 
measured using a continuous assay for inorganic phosphate release. Biochem J 287:555-559. 
Weis, K. (2003) Regulating access to the genome: nucleocytoplasmic transport throughout the cell 
cycle. Cell 112:441-451. 
Wennerberg, K., Rossman, K.L. and Der, C.J. (2005) The Ras superfamily at a glance. J Cell Sci 
118:843-846. 
Wertheimer, E., Gutierrez-Uzquiza, A., Rosemblit, C., Lopez-Haber, C., Sosa, M.S. and Kazanietz, 
M.G. (2012) Rac signaling in breast cancer: a tale of GEFs and GAPs. Cell Signal 24:353-
362. 
Westwick, J.K. and Michnick, S.W. (2006) Protein‐fragment complementation assays (PCA) in 
small GTPase research and drug discovery. Methods Enzymol 407:388-401. 
Willard, F.S., Kimple, A.J., Johnston, C.A. and Siderovski, D.P. (2005) A direct fluorescence-based 
assay for RGS domain GTPase accelerating activity. Anal Biochem 340:341-351. 
Wong, S., Mills, E. and Truong, K. (2013) Simultaneous assembly of two target proteins using split 
inteins for live cell imaging. Protein Eng Des Sel 26:207-213. 
Xiong, B., Bayat, V., Jaiswal, M., Zhang, K., Sandoval, H., Charng, W.L., Li, T., David, G., 
Duraine, L., Lin, Y.Q., Neely, G.G., Yamamoto, S. and Bellen, H.J. (2012) Crag is a GEF 
for Rab11 required for rhodopsin trafficking and maintenance of adult photoreceptor cells. 
Plos One 10: e1001438. 
Xu, J., Zhou, X., Wang, J., Li, Z., Kong, X., Qian, J., Hu, Y. and Fang, J.Y. (2013) RhoGAPs 
attenuate cell proliferation by direct interaction with p53 tetramerization domain. Cell Rep 
3:1526-1538. 
Yamasaki, K., Shirouzu, M., Muto, Y., Fujita-Yoshigaki, J., Koide, H., Ito, Y., Kawai, G., Hattori, 
S., Yokoyama, S., Nishimura, S. and Miyazawa, T. (1994) Site-directed mutagenesis, 
fluorescence, and two-dimensional NMR studies on microenvironments of effector region 
aromatic residues of human c-Ha-Ras protein. Biochemistry 33:65-73. 
Yamashita, T., Yamamoto, K., Kikuchi, A., Kawata, M., Kondo, J., Hishida, T., Teranishi, Y., 
Shiku, H. and Takai, Y. (1988) Purification and characterization of c-Ki-ras p21 from bovine 




Yeargin, J. and Haas, M. (1995) Elevated levels of wild-type p53 induced by radiolabelling of cells 
leads to apoptosis or sustained growth arrest. Curr Biol 5:423-431. 
Yu, H., West, M., Keon, B.H., Bilter, G.K., Owens, S., Lamerdin, J. and Westwick, J.K. (2004) 
Measuring drug action in the cellular context using protein‐fragment complementation 
assays. Assay Drug Dev Technol 1:811-822. 
Yudin, D. and Fainzilber, M. (2009) Ran on tracks– cytoplasmic roles for a nuclear regulator. J Cell 
Sci 122:587-593. 
Yuen, H.F., Chan, K.K., Grills, C., Murray, J.T., Platt-Higgins, A., Eldin, O.S., O'Byrne, K., Janne, 
P., Fennell, D.A., Johnston, P.G., Rudland, P.S. and El-Tanani, M. (2012) Ran is a potential 
therapeutic target for cancer cells with molecular changes associated with activation of the 
PI3K/Akt/mTORC1 and Ras/MEK/ERK pathways. Clin Cancer Res 18:380-391. 
Zeeh, J.C., Antonny, B., Cherfils, J. and Zeghouf, M. (2008) In vitro assays to characterize 
inhibitors of the activation of small G proteins by their guanine nucleotide exchange factors. 
Methods Enzymol 438:41-56. 
Zeeh, J.C., Zeghouf, M., Grauffel, C., Guibert, B., Martin, E., Dejaegere, A. and Cherfils, J. (2006) 
Dual specificity of the interfacial inhibitor brefeldin a for arf proteins and sec7 domains. J 
Biol Chem 281:11805-11805. 
Zhai, P., Jian, X., Luo, R. and Randazzo P.A. (2012) Enzymology and regulation of ArfGAPs and 
ArfGEFs in Crosstalk and Integration of Membrane Trafficking Pathways. InTech, Rijeka, 
Croatia, pp. 195-212. 
Zhang, B., Zhang, Y., Wang, Z.X. and Zheng, Y. (2000) The role of Mg2+ cofactor in the guanine 
nucleotide exchange and GTP hydrolysis reactions of Rho family GTP-binding proteins. J 
Biol Chem 275:25299-25307. 
Zhu, K., Debreceni, B., Bi, F. and Zheng, Y. (2001) Oligomerization of DH domain is essential for 
Dbl-induced transformation. Mol Cell Biol 21:425-437. 
Zielinski, T., Kimple, A.J., Hutsell, S.Q., Koeff, M.D., Siderovski, D.P. and Lowery, R.G. (2009) 
Two Gαi1 rate-modifying mutations act in concert to allow receptor- independent, steady-
state measurements of RGS protein activity. J Biomol Screen 14:1195-1206. 
